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Proline-rich £xtensin-Hke Receptor Kinases 

FIELD OF THE INVENTION 

The invention relates to nucleic acid molecules and polypeptides involved in plant 
defense, and more particularly increasing plant resistance to wounding and pathogens. 

5 BACKGROUND OF THE IISVENTION 

Receptor mediated signal perception and transduction in response to external stimxili are 
essential for growth and developmental processes of multicellular organisms (Mu et al., 1994). 
These extensively well characterized processes in animal systems involve receptor protein kinase 
molecules comprised of an extracellular signal perception domain, a hydrophobic transmembrane 
1 0 domain attached to an intracelliilar domain that possesses kinase activity (Horn et al., 1994). In 
general, transmembrane signaling by receptor protein kinases reqiiires binding of an appropriate 
p ligand to the extracellular domain which induces receptor dimerization and alters the activity of 
J ^ the intracellular catalytic domain. This promotes phosphorylation of specific substrates thereby 

initiating a protein kinase signaling cascade (Ullrich and Schlessinger, 1990). The majority of 
fil 5 animal receptor protein kinases isolated to date contain tyrosine-specific kinase domains (Ullrich 
and Schlessinger, 1990), however, the transforming growth factor beta (TGF-beta) receptor (Lin 
^ et al., 1992) and the activin receptor (Dijke et al., 1993) possess kinase domains with 

^ serine/threonine phosphorylation activity. 

W 

-fl Intracellular communication is also essential for the growth and development of higher 

plants. The extensive knowledge of cell surface receptor signaling in animal systems has 
resulted in the isolation of several genes predicted to encode receptor-like protein kinases 
(RLKs). The characterized members of the RLK family share highly homologous catalytic 
domains with consensus sequences indicative of serine/threonine autophosphorylation activity, 
yet the extracellular domains of these receptors are very divergent (Braim and Walker, 1996). 
25 Five different classes of plant receptor-like protein kinases have therefore been identified 

according to amino acid sequence similarity in the extracellular domains of these genes. The 
first class of receptor kinases, designated the S-domain class, have distinct extracellular domains 
homologous to the S-locus glycoprotein (SLG) (Nasrallah and Nasrallah, 1993). S-domaih 
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receptor kinases have several distinguishing features such as ten conserved cysteine residues 
located proximal to the transmembrane domain in addition to other conserved residues 
implicated in the proper folding of the extracellular domain (Walker, 1994). Among this class of 
receptor kinases are the S-locus receptor kinases (SRKs) of Brassica expressed exclusively in 
5 reproductive tissues and implicated along with SLGs in controlling the sporophytic self- 
incompatibility response which normally inhibits self-pollination (Stein et al., 1991; Goring and 
Rothstein, 1992). Other receptor-like kinases of this type are represented in Arabidopsis by 
ARKl, ARK2, ARK3 (Tobias et al., 1992; Dwyer et al., 1994), in maize by ZmPKl (Walker and 
Zhang, 1990) and by OsPKlO in rice (Zhao et al., 1994). The diversity in patterns of expression 
10 among members of the S-domain class shows that these plant receptor kinases are involved in 
mediating a variety of cellular signaling processes (Walker, 1994). 

^ Another class of plant receptor kinases is the leucine-rich repeat (LRR) group which 

O encodes proteins with extracellular domains containing 20-25 imperfect repeats of a 24 amino 

yi acid leucine-rich motif involved in peptide ligand recognition, cell adhesion and implicated in 

^15 mediating protein-protein interactions (Braun and Walker, 1996; Wang et al., 1998). This class 

fU of plant receptor kinases include proteins such as CLAVATAl (Clark et al., 1997) which is 

fy 

E involved in regulating mcristem and flower development in Arabidopsis, as well as proteins 

M 

i^. functioning in gamete development such as PRKl of Petunia (Mu et al., 1994). The LRR class 

e=S=? 

is represented in Arabidopsis by other receptor kinases such as ERECTA (Torii et al,, 1996) 
iSO which has been shown to be essential for proper plant and organ elongation, BRIl , a receptor 



involved in brassinosteroid signal transduction (Li and Chory, 1997), as well as TMKl (Chang et 
al,, 1992) and RLK5 (Walker, 1993) which may have more general roles in cellular signaling as 
suggested by their ubiquitous expression patterns in a variety of vegetative and reproductive 
tissues. Xa2 1 , another member of the LRR class, has been implicated in pathogen recognition by 
25 providing resistance in rice to Xanthomonus oryzae pv. oryzae (Song et al,, 1 995). 

The lectin-like class of plant receptor kinases is represented only in Arabidopsis thaliam 
by Ath.lecRKl (Herve et al., 1996) and LRKl (Swarup et al., 1996), The extracellular domain 
of these receptor kinases share sequence similarity with lectins which are known carbohydrate 
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binding proteins and implicated in the transduction of oligosaccharide signals in plant cellular 
communication processes (Herve et al., 1996). 

The two remaining classes of plant receptor kinases isolated in Arabidopsis thaliana 
include proteins with extracellular domains containing epidennal growth factor (EGF)-like 
5 motifs found in many proteins involved in extracellular interactions (WAKl; Kohom et al., 
1 992) as well as thaimiatin-like domains homologous to PR5 proteins involved in pathogenesis 
(PR5K; Wangetal., 1996). 

Plants remain very vulnerable to wounding and pathogens despite these advances. There 
is a need to identify other polypeptides, that help to protect plants. There is also a need for 
1 0 transgenic plants which overexpress these polypeptides and which have increased resistance to 
wounding and pathogens. 

SUMMARY OF THE INVENTION 



The invention relates to nucleic acid molecules and polypeptides involved in plant 
defense, and more particularly increasing plant resistance to wounding and pathogens. 

Lyl5 We isolated a cDNA clone designated PERKl (Proline-rich Extensin-like Receptor 

Kinase 1) which encodes a receptor kinase in Brassica napus. We define a new class of PERK 
plant receptor kinases characterized by an extracellular domain rich in proline sharing sequence 
similarity to the extensin family of cell wall proteins. PERKl is induced by both wounding and 
chemical elicitors which mimick a pathogen attack, showing a role for PERKl in mediating a 



20 plant's defense response to mechanical and biological attack. Similar PERK nucleic acid 
molecules and polypeptides are found in other plants and cells. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Preferred embodiments will be described in relation to the drawings in which: 

Figure 1. Nucleotide and Deduced Amino Sequence. [SEQ ID NOS.: 1 & 2] 

25 (A) Figure 1 shows the nucleic acid molecule of [SEQ ID NO.: 1] and the amino acid sequence 
of [SEQ ID NO.: 2]. 
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In a preferred embodiment, the figure shows the DNA sequence corresponding to the PERKl 
transcript, with the predicted amino acid sequence presented as a single-letter code below the 
nucleotide sequence. Numbers to the left refer to nucleotide sequence and the 5' and 3' 
untranslated regions are presented in lower case letters. Potential N-glycosylation site (Asn-x- 
5 Ser/Thre) are indicated by dots above the Asn residues, and the extcnsin signature (Ser-Pro)4 
pentapeptide motif present in the extracellular domain is denoted in boldface type. The 
predicted membrane spanning region is marked by a solid underline. As defined by Hanks and 
Quinn (1991), the catalytic domain has been subdivided into 1 1 subdomains marked by dashed 
underlines and superscript reman numerals. The amino acids in redface type represent residues 
10 that are absolutely conserved, whereas greenface type represent groups of conserved amino 
acids. The two regions marked by double underlines represent consensus sequences common 
amongst serine/threonine kinases. 

Q (B) Structural features of the PERKl polypeptide. A Kyte hydropathy plot (Kyte and Doolittle, 

M 

m 1982) of the predicted amino acid sequence generated by DNAsis* software (Hitachi Software, 

^15 San Bruno, CA) is shown, where increased hydrophobicity is denoted by positive values. The 

i}t domains of the PERKl protein are illustrated below. ECD, extracellular domain; TM, 

lU 

s transmembrane domain. 

p (Q Shows the nucleic acid molecule of [SEQ ID NO.: 3] and the amino acid sequence of [SEQ 

m ID NO.: 4]. These sequences are identical to nucleotides 1 to 1944 of [SEQ ID NO:l] and the 

. 

^.20 corresponding amino acid sequence but they also include 5' and 3' untranslated nucleotide 
regions. (D) Shows the nucleic acid molecule of [SEQ ID NO.: 3] including the 5' and 3' 
untranslated regions. The start and stop codons are underlined and in red print. The nucleotide 
numbers correspond to the entire sequence and not only to the coding region. In a preferred 
embodiment, this is the sequence of PERKl 

25 (E) Figure 1 shows the amino acid sequence of [SEQ ID NO,: 5] including amino acids 

corresponding to the 5' and 3' untranslated regions. The starting methionine is in red print and 
the stop codon is indicated by a red print asterisk. It will be clear to those skilled in the art that 
one may only use the portion of the amino acid sequence between the start and stop codons. 

Figure 2. Genomic DNA Southern Blot Analysis of PERKl . 
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Genomic DNA (5 micrograms) isolated from Brassica napus leaf tissue was digested with the 
indicated restriction enzymes, blotted and hybridized with a partial 1 .5 kb PERKl cDNA probe 
under varying conditions of stringency. DNA markers are indicated in kilobases. 

(A) Genomic DNA gel blot analysis under low stringency conditions. 

5 (B) Genomic DNA gel blot analysis under high stringency conditions. 

Figures. Expression of PERKl cDNA. 

(A) RNA gel blot analysis of PERKl transcripts in poly(A)* mRNA extracted from various 
Brassica napus tissues. The blot hybridized with a partial 1.5 kb PERKl cDNA probe detected a 
full length transcript of -2.2kb (open-face triangle). 

10 (B) The blot was subsequently probed with cyclophihn as an internal control for even loading 
(bold-face triangle). 

(C) Ethidium bromide stain of gel indicates relatively equal amounts of poly (A)* mRNA 

m 

'%o were loaded. 



J Figure 4. Wound-Inducible Accumulation of PERKl mRNA in Brassica napus Leaf and Stem 
15 Tissue. 

3 (A) Fully expanded leaves were wounded by punching out discs around the perimeter of the leaf 
blade. Wounds mimic injury inflicted on plants in the field as a result of insect attack or other 

^ mechanical damage. Total RNA was extracted at various time intervals after treatment, 
subjected to Northern blot analysis and probed with full length PERKl cDNA (open-face 

20 triangle).. The blot was reprobed with cyclophilin used as an internal control for even loading 
(open-face triangle). The graph represents the expression profile of PERKl in response to 
wounding corrected against levels of cyclophilin expression. Control unwounded leaf tissue 
represented by 0 hr time point. 

(B) Northern blot showing a time-course induction of PERKl mRNA accumulation in woimded 
25 stem tissue. Total RNA harvested at the indicated time points was blotted and hybridized against 
the full length PERKl coding sequence (open-face triangle). The cyclophilin loading control 
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(bold-face triangle) was used to nonnalize levels of PERKl mRNA accumulation represented 
graphically. Control unwounded stem tissue represented by 0 hr time point. 

Figure 5. Effects of 50 micromolar Methyl Jasmonate (MeJA) on PERKl mRNA Accumulation 
in Treated Brassica napus Leaf and Stem Tissue. 

5 (A) Brassica napus plants were thoroughly sprayed with a 50 micromolar MeJA solution, and 
leaf tissue subsequently harvested at different time intervals after treatment. Total RNA prepared 
from treated leaf tissue was subjected to Northern blot analysis and probed with full length 
PERKl cDNA (open-face triangle). Control plant (0 hr) was treated with the carrying solution 
minus the chemical inducer (0.1% f/J ethanol for MeJA). The blot was reprobed with 
10 cyclophilin used as an internal control for even loading (bold-face triangle). The graph represents 
a corrected profile for the levels of PERKl mRNA accumulation in response to treatment with 
g\ MeJA normalized against levels of cyclophilin expression. 

(B) Northern blot showing a time-course induction of PERKl mRNA accumulation in MeJA 



treated stem tissue. Total RNA harvested at the indicated time points was blotted and hybridized 
|1 5 against the full length PERKl coding sequence (open-face triangle). The cyclophilin loading 
nj control (bold-fece triangle) was used to normalize levels of PERKl mRNA accimiulation 
1^ represented graphically. 



Figure 6. Effects of 4mM Salicylic Acid (SA) on PERKl mRNA Accumulation in Treated 

Ul 

,n Brassica napus and Stem Tissue. 

20 (A) Brassica napus plants were thoroughly sprayed with a 4mM SA solution, and leaf tissue 
subsequently harvested at different time intervals after treatment. Total RNA prepared from 
treated leaf tissue was subjected to Northern blot analysis and probed with full length PERKl 
cDNA (open-face triangle). Control plant (0 hr) was treated with the carrying solution minus the 
chemical inducer (5mM phosphate buffer, pH7). The blot was reprobed with cyclophilin used as 

25 an internal control for even loading (open-face triangle). The graph represents a corrected profile 
for the levels of PERKl mRNA accumulation in response to treatment with SA normalized 
against levels of cyclophilin expression. 
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(B) Northern blot showing a time-course induction of PERKl mRNA accumulation in SA 
treated stem tissue. Total RNA harvested at the indicated time points was blotted and hybridized 
against the full length PERKl coding sequence (open-face triangle). The cyclophilin loading 
control (bold-face triangle) was used to normalize levels of PERKl naKNA accumulation 
5 represented graphically. 

Figure 7. Proposed pathway mediating PERKl expression in response to wounding, MeJA and 
SA treatments. 

Figure 8» Western blots. 

(A) Represents a Western blot performed on the bacterially expressed extracellular domain 
1 0 fusion protein using a T7 monoclonal antibody which recognizes the T7 epitope on the 

bacterially expressed fusion protein . 

(B) Western blot to confirm that the extracellular domain fusion protein is targeted to inclusion 
bodies. 



M: 
W 



M: Figure 9. Western blot conducted on the bacterially expressed PERKl protein to determine 
6 whether the full length protein is insoluble and forms inclusion bodies. 

Figure 10, 

(A) Western blot to confirm the induction and purification of both the wild-type ( bold-face star) 
and mutated (bold-face arrow) catalytic domain fusion proteins using an anti-MBP antibody. 

(B) represents a kinase assay performed on affinity purified wild-type and mutated fusion 
20 proteins incubated in the presence of y-^^PdATP, 

Figure 11. Shows sequence identity of PERKl to polypeptides fi-om the Arabidopsis genome 
sequencing project. 

Figure 12. Shows the nucleic acid molecule of [SEQ ID NO.: 6] and the amino acid sequence of 
[SEQIDNO.: 7]. 

25 In a preferred embodiment, the figure shows the figure shows the sequence of the predicted 
Arabidopsis gene • Accession number AAC98010 

A) Genomic Sequence. The predicted open reading frame is underlined. The start codon (ATG) 
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and stop codon (TG A) are double underlined. 

B) Translation of the predicted open reading &ame. The transmembrane domain is underlined. 

Figure 13. Shows the nucleic acid molecule of [SEQ ID NO.: 8] and the amino acid sequence of 
5 [SEQ ID NO.: 9]. 

In a preferred embodiment, the figure shows the sequence of the predicted Arabidopsis gene - 
Accession number AAD15491 

A) Genomic Sequence. The predicted open reading frame is underlined. The start codon (ATG) 
and stop codon (TGA) are double imderlined. 
10 B) Translation of the predicted open reading frame. The transmembrane domain is underlined. 

^ Figure 14. Shows the nucleic acid molecule of [SEQ ID NO.: 10] and the amino acid sequence 
p of [SEQ ID NO.: 11]. 

1=15 

^ In a preferred embodiment, the figure shows the sequence of the predicted Arabidopsis gene - 
H 1 5 Accession number CAAl 8823 

w 

ry A) Genomic Sequence. The predicted open reading frame is underlined. The start codon (ATG) 
and stop codon (TGA) are double underlined. 

^ B) Translation of the predicted open reading frame. The transmembrane domain is tmderlined. 

M 

^20 Figure IS. Shows the nucleic acid molecule of [SEQ ID NO.: 12] and the amino acid sequence 
of [SEQ ID NO.: 13]. 

In a preferred embodiment, the figure shows the sequence of the predicted Arabidopsis gene « 
Accession number CAAl 8590 

A) Genomic Sequence. The predicted open reading frame is imderlined. The start codon (ATG) 
25 . and stop codon (TAG) are double underlined. 

B) Translation of the predicted open reading frame. The transmembrane domain is underlined. 
DETAILED DESCRIFTION OF THE EWENTION 

In this study, we report the isolation and preliminary characterization of PERK nucleic 
acid molecules and polypeptides, and in particular PERKl cDNA which encodes a novel 
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receptor-like protein kinase in Brassica napus. PERK polypeptides represent a novel class of 
receptor kinases in higher plants. 

Protein kinases play important roles in plant defense (Zhou et al., 1995; Usami et al., 
1995; Suzuki and Shinhi, 1995). Significant homology is shared between the extracellular 
5 domain of PERK! and both extensin and proline rich proteins. PERKl mediates plant responses 
to mechanical wounding (ie. insect attack) and pathogen attack. PERK polypeptides preferably 
include a a catalytic domain. PERK polypeptides are also preferably signaling molecules 
associated with the cell wall via their extensin-like extracellular domain and involved in the 
transduction of extracellular stimxili (eg. woimding, pathogen attack) into an intracellular 
1 0 response through a cytoplasmic kinase domain, thereby bridging the cell wall - plasma 
membrane continuum. 

^ In general, plants challenged by mechanical wounding or pathogen attack induce rapid 

expression of genes (ie. proteinase inhibitor (pin) and pathogenesis related (PR) genes 
respectively) that are expressed locally as well as systemically in unaffected parts of the plant 
^15 (Yang et al., 1 997). Increased levels of extensin transcripts as a result of mechanical woimding 
pj have been well established in many other systems (Sauer et al., 1990; Shirsat et al., 1996). For 
^ example, in Brassica napus leaf and stem tissue, wound induction of PERKl mRNA 

P accumiilation is a very rapid response detectable within 15 min following injiuy (Figure 4). 

H= 

m Despite the well established involvement of MeJA (the methyl ester of the plant growth regulator 
*0 . . . 

^20 jasmonic acid (JA)) in the signal transduction pathway regulating gene activation upon 

wounding, processes occurring immediately after woimding remain poorly characterized in 
terms of additional components that may also participate in wound signaUng (Titarenko et al., 
1997). Steady state levels of PERKl mRNA remain imaffected to exogenoiisly applied MeJA 
(Figure 5) which shows that the inducibility of PERKl by wounding occurs via a MeJA- 
25 independent pathway (Figue 7). Studies conducted by Titarenko et al. (1997) addressing the 

role of JA in mediating wound responses support the existence of multiple distinct wound signal 
transduction pathways. Exogenously applied JA was able to induce only a subset of woimd 
responsive genes in Arabidopsis which ultimately resulted in a stronger systemic accimiulation in 
woxmded plants. Conversely, a second set of wound responsive genes showing a stronger 
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induction locally in wounded tissue showed no substantial accumulation upon JA treatment In 
conjunction with the pattern of PERK 1 mRNA accumulation in response to wounding and 
MeJA, it appears that plants respond to woimding by two distinct wound signal transduction 
pathways: one which does not require JA and is primarily responsible for gene activation in the 
5 vicinity of the wound site and the other which involves JA perception and activates gene 
expression both locally and systemically to the wound site (Titaienko et al., 1997). 

Many of the inducible defense responses are not exclusive to mechanical wounding but 
are also initiated by pathogen attack. The similarity between responses to wounding and 
pathogen attack are not surprising since mechanical damage often precedes pathogen infection 
1 0 and conversely, mechanical damage may often result from a pathogen or insect attack (Truemit 
et al., 1996). SaUcylic acid has been implicated in having an important role in the signal 
transduction pathway leading to systemic acquired resistance (SAR) (Penninckx et al., 1996). 
Steady state levels of PERKl mRNA also accumulated in B, napus leaf and stem tissue upon 
m exogenous application of 4mM SA (Figure 6). Collectively, the profiles of PERKl mRNA 
1^ 1 5 accumulation in response to wounding, MeJA and S A are not entirely svuprising. PERKl 
™ induction is rapid in response to wounding (Figure 4) and the lack of PERKl transcript 
p accumulation in response to MeJA (Figure 5) shows a pathway for wound mediated induction of 

h PERKl that is independent of MeJA (Figure 7). The pronounced and rapid induction of PERKl 
^ in response to exogenous SA (Figure 6) supports other studies showing that SA is known to 
^ 20 inhibit wound responsive genes that are regulated by a MeJA-dependent pathway (Pena-Cortes et 
al., 1993; Doares et al., 1995). Therefore, it is unlikely that both MeJA and SA would induce 
PERKl mRNA accumxilation given that these pathways are known to be antagonistic (Pena- 
Cortes et al., 1993). Nevertheless, the rapid induction of PERKl during these treatments shows a 
role early on in a plant's defense signaling pathway, 

25 Characterization of PERKl 

Genomic Southern blot analysis under low and high stringency conditions revealed that 
PERKl is a single copy gene in the Brassica genome (Figure 2). PERKl is ubiquitously 
expressed at high levels in root, stem, petal and pistil and is less abuindant in leaf tissue (Figure 
- 3A). 
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The deduced amino acid sequence of PERKl shows that it is a transmembrane receptor 
kinase with a distinct extracellular, transmembrane and cytoplasmic domain (Figure 1). The 
extracellular domain of PERKl shows sequence similarity to plant cell wall proline-rich proteins 
and extensins which comprise a family of hydroxyproline-rich glycoproteins (HRGPs). 
5 Extensins are particularly abundant proteins in plant cell walls and are very rich in proline and 
serine as well as in combinations of valine, tyrosine, lysine and/or histidine residues. The 
distinctive characteristic of dicot extensins is their repetitive (Ser-Pro)4 pentapeptide blocks. 
Although extensins are synthesized as soluble precursors, the majority of proline residues are 
hydroxylated and both the hydroxylated proline as well as the serine residues of these proteins 
10 are glycosylated by post-translational modifications (Cassab, 1998). When secreted to the plant 
cell wall, extensins become rapidly insoluble, presumably due to the formation of covalent 
isodityrosine bridges (Cassab, 1998). Although extensins have been proposed to be structural 
cell wall proteins and important in development, they have also been directly implicated in plant 
defense against mechanical wounding (Shirsat et al., 1996) and pathogen attack (Corbin et al., 
15 1987; Showalter, 1993). The catalytic domain of PERKl possesses all of the invariant residues 
necessary for kinase activity and sequence similarity in subdomains VI and VIII to amino acid 
consensus sequences characteristic of serine/thiwnine kinases shows a role for PERKl in plant 
^ signal transduction (Hanks and Quinn, 1 991). Given the similarity of PERKl in the extracellular 
U domain to the extensin family of cell wall proteins, PERKl can detect changes to the cell wall 
20 through mechanical damage or pathogen attack and then pass the signal onto the cell. The cell 
"4^ can then respond to the attack with its defence mechanisms. 

PERK nucleic acid molecules and proteins also have sequence identity and similarity to 
proline rich proteins as well. About 40% of PERKl's extracellular domain is comprised of 
proline. Below is a list of the Arabidopsis clones and their respective proline composition (Table 
25 below). 
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Table 1 

% Prolines in Extracellular Domains 



Gene 


% Proline in ECD 


PERKl 


56/137 = 41% 


CA18590 


105/279 = 38% 


AAC98010 


85/246 = 34% 


CAA 18823 


51/179 = 28% 


AAD15491 


36/149 = 24% 



^ It is possible to use all or part of a proline rich domain from an extensin or a proline rich protein 

M 5 (or similar regions) to replace all or part of PERKl 's extracellular domain. In summary, 

U1 

PERKl is a unique plant protein in Brassica napus involved in wound and pathogen response 
L J v^ch physically Imks the cell wall and plasma membrane. PERKl is involved in the general 
rJ perception and subsequent transduction of a woimd and/or pathogen stimulus, ultimately 
M triggering a plant's defense mechanisms and conferring broad protection against such stimuli. 
2 1 0 Preliminary characterization showed that levels of PERKl mRNA accumulate rapidly in 
^ response to wounding and SA. Further characterization of PERKl induction with respect to 
feO changes in levels of phosphorylation provides additional evidence for the unequivocal role of 

PERKl in plant defense. Furthermore, transgenic analysis of plants expressing altered levels of 
PERKl confirms the involvement of PERKl in wound and pathogen signaling. PERKl 
15 polypeptides and nucleic acid molecules may be isolated from the Brassicaceae including 
Arabidopsis, Brassica napus y Brassica rapa, Brassica jimcea, Brassica oleracea, and other 
plants such as potato, tomato, tobacco, cotton, carrot, petunia, sunflower, strawberries, spinach, 
lettuce, rice, soybean, com, wheat, rye, barley, sorgum and alfalfa. 
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PERK Nucleic Acid Molecules and Polypeptides 

The invention relates to PERK nucleic acid molecules and polypeptides which increase 
wounding resistance and pathogen resistance in cells and plants. These polypeptides preferably 
include an extracellular domain, a transmembrane domain and a cytoplasmic domain* The 
5 cytoplasmic domain preferably includes a region with kinase activity. The kinase activity is 
involved in cellularsignaling. The PERK nucleic acid molecules which encode PERK 
polypeptides are particularly useful in producing transgenic plants which have increased 
wounding and pathogen resistance compared to a wild type plant. 

It will also be apparent that there are polypeptide and nucleic acid molecules from other 
1 0 organisms, such as those listed previously that are similar to PERK polypeptides and nucleic acid 
molecules. PERK polypeptides are useful in increasing wounding and pathogen resistance in a 
cell, preferably a plant cell, because they include extensin-like and proline-rich domains (this 
1^ refers to a plurality of domains including multiple proline residues, which are preferably similar 
^ to those found in extensins), such as SPPPP, SPP and PPP which are capable of being 
^ 1 5 hydroxylated in response to wounding or pathogen attack. Once hydroxylated, extensins become 

i y 

fu rapidly insoluble which strengthens the cell wall and in response to pathogen attack helps 
f^^ agglutinate or prevent spread of the pathogen to neighbouring plant cells. 

P PERK nucleic acid molecules and polypeptides, as well as their role in plants were 

^ not known before this invention. The ability of these compounds to increase wounding and 
*0 20 pathogen resistance of transgenic host cells (particularly plant cells) and transgenic plants 
compared to wild type cells and plants was unknown. 

All nucleotides and polypeptides which are suitable for use in the methods of the 
invention, such as the preparation of transgenic host cells or transgenic plants, are included 
witfiin the scope of the invention. Genomic clones or cDNA clones are preferred for preparation 
25 of transgenic cells and plants. 

In a preferred embodiment, the invention relates to cDNAs encoding PERK polypeptides 
from Brassica naptds. The cDNA sequence and the corresponding amino acid sequence for 
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PERKl is presented in Figure 1 . The invention also includes splice variants of the nucleic acid 
molecules as well as polypeptides produced from the molecules. 

Characterization of Nucleic Acid Molecules and Polypeptides 

In one variation, the invention includes DN A sequences (and the corresponding 
polypeptide) including at least one of the sequences shown in figure 1 in a nucleic acid molecule 
of preferably about: less than 1000 base pairs, less than 1250 base pairs, less than 1500 base 
pairs, less than 1 750 base pairs, less than 2000 base pairs, less than 2250 base pairs, less than 
2500 base pairs, less than 2750 base pairs or less than 3000 base pairs. 

The coding region of the PERKl nucleic acid molecule is as follows: 

Table 2 



Nucleic Acid Molecule 


Start Nucleotide 
[brackets show 
corresponding amino 
acid nos.] 


End Nucleotide 
[brackets show 
corresponding 
amino acid nos.] 


PERKl (coding region 
only) 


1(1) 


1944 (648) 


PERKl ExtraceUular 
Domain 


1(1) 


411 (137) 


PERKl Transmembrane 
Domain 


412(138) 


480 (160) 


PERKl Cytoplasmic 
Domain 


481 (161) 


1944 (648) 


PERKl Kinase region 


Same as 
cytoplasmic 
domain 


Same as 
cj^oplasmic 
domain 



It will be apparent that these may be varied, for example, by shortening the 5' 
untranslated region or shortening the nucleic acid molecule so that the 3* end nucleotide is in a 
different position. 
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The discussion of the nucleic acid molecules, sequence identity, hybridization and other 
aspects of nucleic acid molecules included within the scope of the invention is intended to be 
applicable to either the entire nucleic acid molecule in figure 1 or the coding region of this 
molecules, shown in Table 2. One may use the entire molecule in figure 1 or only the coding 
5 region. Other possible modifications to the sequence are apparent. 

Southern Blot Analysis shows that PERKl is present as a single copy gene in Brassica. 
A Northern blot showed that PERKl polypeptide was expressed in all tissues examined (root, 
shoot (shoot includes leaves and stems), flower and petal). It is highly expressed in the stem, 
petal and root and to a lower extent in the leaf and pistil. 

1 0 The PERKl Nucleic Acid Molecule and Polypeptide are Conserved in Plants 

Sequence Identity 

Q This is the first isolation of a nucleic acid molecule encoding a PERK polypeptide from 

plant species. Nucleic acid sequences having sequence identity to the PERKl sequence are foimd 
# in other species of Brassica such as Brassica rapa, Brassica juncea, and Brassica oleracea as 
ry15 well as other plants such as Arabidopsis, potato, tomato, tobacco, cotton, carrot, petunia, 

sunflower, strawberries, spinach, lettuce, rice, soybean, com, wheat, rye, barley, sorgum and 
alfalfa. Sequences from Brassica napus and other plants are collectively referred to as "PERK" 
nucleic acid sequences and polypeptides. We isolate PERK nucleic acid molecules from plants 
2 having nucleic acid molecules that are similar to those in Brassica napus, such as beet, tomato, 

JS=. 

N20 rice, cucumber, radish and other plants including Arabidopsis, potato, tobacco, cotton, carrot, 
petunia, sunflower, strawberries, spinach, lettuce, soybean, com, wheat, rye, barley, sorgum and 
alfalfa, and using techniques described in this application. The invention includes methods of 
isolating these nucleic acid molecules and polypeptides as well as methods of using these nucleic 
acid molecules and polypeptides according to the methods described in this application, for 
25 example those used with respect to PERKl . 

Table 3 below shows several sequences with sequence identity and sequence similarity to 
the PERKl polypeptide. Where polypeptides are shown, a suitable corresponding DNA 
encoding the polypeptide will be apparent. These sequences code for polypeptides similar to 
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portions of PERK 1 polypeptide. The sequences in Table 3 are useful to make probes to identify 
full length sequences or fragments (from the listed species or other species). One skilled in the 
art would be able to design a probe based on a polypeptide or peptide fragment The invention 
includes nucleic acid molecules of about: 10 to 50 nucleotides, 50 to 200 nucleotides, 200 to 500 
nucleotides, 500 to 1000 nucleotides, 1000 to 1 500 nucleotides, 1500 to 1700 nucleotides, 1700 
to 2000 nucleotides, 2000 to 2500 nucleotides or at least 2500 nucleotides and which include all 
or part of the sequences (or corresponding nucleic acid molecule) in Table 3. The invention also 
includes a nucleic acid molecule including the sequences in Table 3 which encodes peptides and 
polypeptides of about: 10 to 50 amino acids, 50 to 200 amino acids, 200 to 500 amino acids, 500 
to 750 amino acids or at least 750 amino acids. Possible modifications to these sequences will 
also be apparent. The polypeptide and nucleic acid molecules are also useful in research 
experiments or in bioinformatics to locate other sequences. The nucleic acid molecules and 
polypeptides preferably provide PERK activity. 
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Tables 



Organism 


Accession No. 


Arabidopsis thaliana 


AAC 98010 (Figure 12) 


Arabidopsis thaliana 


AAD 15491 (Figure 13) 


Arabidopsis thaliana 


CAA 18823 (Figure 14) 


Arabidopsis thaliana 


CAA 18590 (Figure 15) 



The invention includes the nucleic acid molecules from other plants as well as methods of 
obtaining the nucleic acid molecules by, for example, screening a cDNA library or other DNA 
collection with a probe of the invention (such as a probe comprising at least about: 10 or 
20 preferably at least 1 5 or 30 nucleotides of PERK 1 and detecting the presence of a PERK nucleic 
acid molecule. Another method involves comparing the PERKl sequences to other sequences, 
for example using bioinformatics techniques such as database searches or alignment strategies, 
and detecting the presence of a PERK nucleic acid molecule or polypeptide. The invention 
includes the nucleic acid molecule and/or polypeptide obtained according to the methods of the 
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invention. The invention also includes methods of using the nucleic acid molecules, for example 
to make probes, in research experiments or to transform host cells or make transgenic plants. 
These methods are as described below. 

The polypeptides encoded by the homologous PERK nucleic acid molecules in other 
5 species will have amino acid sequence identity to the PERKl sequence. Sequence identity may 
be at least about: >20%, >25%, >28%, >30%, >35%, >40%, >50% to an amino acid sequence 
shown in figure 1 (or a partial sequence thereof). Some polypeptides may have a sequence 
identity of at least about: >60%, >70%, >80% or >90%, more preferably at least about: >95%, 
>99% or >99.5% to an amino acid sequence in figure 1 (or a partial sequence thereof. Identity 
10 is calculated according to methods known in the art. Sequence identity (nucleic acid and protein) 
is most preferably assessed by theFasta 3 program , using the following default parameter 
settings: gap penalty (open) = -12 (protein) -16 (DNA), gap penalty (extension) = -2 (protein) -4 
(DNA) , protein weight matrix = BLOSUM 62. (The reference for FASTA 3 is W. R. Pearson 
m and D. J. Lipman (1 988), "Improved Tools for Biological Sequence Analysis", PNAS 85 :2444- 

1 5 2448,and W. R. Pearson (1990) "Rapid and Sensitive Sequence Comparison with FASTP and 
fU FASTA" Methods in Enzymology 183:63- 98). . The invention also includes modified 
g polypeptides firom plants which have sequence identity at least about: >20%, >25%, >28%, 

>30%, >35%, >40%, >50%, >60%, >70%, >80% or >90% more preferably at least about >95%, 

w 

H >99% or >99.5%, to the PERK sequence in figure 1 (or a partial sequence thereof). Modified 
lx|20 polypeptides molecules are discussed below. Preferably about: 1, 2, 3, 4, 5, 6 to 10, 10 to 25, 26 



to 50 or 51 to 100, or 101 to 250 nucleotides or amino acids are modified. 

Nucleic Acid Molecules and Polypeptides Similar to PERKl 

Those skilled in the art will recognize that the nucleic acid molecule sequences in figure 1 
are not the only sequences which may be used to provide increased PERK activity in plants. The 
25 genetic code is degenerate so other nucleic acid molecules which encode a polypeptide identical 
to an amino acid sequence in figure 1 may also be used. The sequence of the other nucleic acid 
molecules of this invention may also be varied vsdthout changing the polypeptide encoded by the 
sequence. Consequently, the nucleic acid molecule constructs described below and in the 
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accompanying examples for the preferred nucleic acid molecules, vectors, and transformants of 
the invention are merely illustrative and are not intended to limit the scope of the invention. 

The sequences of the invention can be prepared according to numerous techniques^ The 
invention is not limited to any particular preparation means. For example, the nucleic acid 
6 molecules of the invention can be produced by cDNA cloning, genomic cloning, DNA synthesis, 
polymerase chain reaction (PGR) technology, or a combination of these approaches ( Current 
Protocols in Molecular Biology (F. M. Ausbel et al., 1989).). Sequences may be synthesized 
using well known methods and equipment, such as automated synthesizers. Nucleic acid 
molecules may be amplified by the polymerase chain reaction. Polypeptides may, for example, 
10 be synthesized or produced recombinantly. 

Sequence Identity 

g The invention includes modified nucleic acid molecules with a sequence identity at least 

H about: > 1 7%, >20%, >30%, >40%, >50%, >60%, >70%, >80% or >90% more preferably at least 
^ about >95%, >99% or >99.5%, to a DNA sequence in figure 1 (or a partial sequence thereof). 
^,15 Preferably about 1, 2, 3, 4, 5, 6 to 10, 10 to 25, 26 to 50 or 51 to 100, or 101 to 250 nucleotides 
rU or amino acids are modified. Identity is calculated according to methods known in the art 
|-£ Sequence identity is most preferably assessed by the FASTA 3 program. For example, if a 
5 nucleotide sequence (called "Sequence A'O has 90% identity to a portion of the nucleotide 
U sequence in Figure 1 , then Sequence A will be identical to the referenced portion of the 
vp20 nucleotide sequence in Figure 1, except that Sequence A may include up to 10 point mutations, 
such as substitutions with other nucleotides, per each 100 nucleotide of the referenced portion of 
the nucleotide sequence in Figure 1. Nucleotide sequences fimctionally equivalent to the PERKl 
sequence can occur in a variety of forms as described below. Polypeptides having sequence 
identity may be similarly identified. 

25 The polypeptides encoded by the homologous PERK nucleic acid molecule in other 

species will have amino acid sequence identity (also known as homology) at least about: >20%, 
>25%, >28%, >30%, >40% or >50% to an amino acid sequence shown in figure 1 (or a partial 
sequence thereof). Some plants species may have polypeptides with a sequence identity of at 
least about: >60%, >70%, >80% or >90%, more preferably at least about: >95%, >99% or 
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>99.5% to all or part of an amino acid sequence in figure 1 (or a partial sequence thereof). 
Identity is calculated according to methods known in the art. Sequence identity is most 
preferably assessed by FASTA 3 program. Preferably about: 1, 2, 3, 4, 5, 6 to 10, 10 to 25, 26 
to 50 or 51 to 100, or 101 to 250 nucleotides or amino acids are modified. 

5 The invention includes nucleic acid molecules with mutations that cause an amino acid 

change in a portion of the polypeptide not involved in providing PERK activity or an amino acid 
change in a portion of the polypeptide involved in providing PERK activity so that the mutation 
increases or decreases the activity of the polypeptide. 

Hybridization 

10 Other functional equivalent forms of the PERK nucleic acid molecules encoding nucleic 

acids can be isolated using conventional DNA-DNA or DNA-RNA hybridization techniques. 
^ These nucleic acid molecules and the PERK sequences can be modified without significantly 
affecting their activity. 

W\ 

}S The present invention also includes nucleic acid molecules that hybridize to one or more 

Mi 

flj 1 5 of the sequences in figure 1 (or a partial sequence thereof) or their complementary sequences. 



and that encode peptides or polypeptides exhibiting substantially equivalent activity as that of an 
PERK polypeptide produced by the DNA in figure 1 or its variants. Such nucleic acid molecules 



C 

H= preferably hybridize to PERKl under low, moderate (intermediate), or high stringency 

UJ 

conditions (see Sambrook et al. (Most recent edition) Molecular Cloning: A Laboratory Manual, 
20 Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N. Y.). Preferable hybridization 
conditions are low stringency conditions of at least about: IXSSC, 0.1% SDS at SO^'C or high 
stringency conditions of at least about: 0. IXSSC, 0.1% SDS at 65°C. 

The present invention also includes nucleic acid molecules fi*om any source, whether 
modified or not, that hybridize to genomic DNA, cDNA, or synthetic DNA molecules that 
25 encode the amino acid sequence of a PERK polypeptide, or genetically degenerate forms, imder 
salt and temperature conditions equivalent to those described in this application, and that code 
for a peptide, or polypeptide that has PERK activity. Preferably the polypeptide has the same or 
similar activity as that of a PERK polypeptide. A nucleic acid molecule described above is 
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considered to be functionally equivalent to a PERK nucleic acid molecule (and thereby having 
PERK activity) of the present invention if the polypeptide produced by the nucleic acid molecule 
displays the following characteristics: The defining feature of PERK polypeptides is the 
presence of a proline-rich domain, followed by a transmembrane domain, followed by a kinase 
5 domain. When tested, the kinase domain has serine/threonine kinase activity. 

The invention also includes nucleic acid molecules and polypeptides having sequence 
similarity taking into accoimt conservative amino acid substitutions. Sequence similarity (and 
preferred percentages) are discussed below. 

Modifications to Nucleic Acid Molecule or Polypeptide Sequence 

1 0 Changes in the nucleotide sequence which result in production of a chenoically equivalent 

or chemically similar amino acid sequences are included within the scope of the invention. 
^ Variants of the polypeptides of the invention may occur naturally, for example, by mutation, or 
H may be made, for example, with polypeptide engineering techniques such as site directed 
^ mutagenesis, which are well known in the art for substitution of amino acids. For example, a 

1 5 hydrophobic residue, such as glycine can be substituted for another hydrophobic residue such as 

\u 

rU alanine. An sdanine residue may be substituted with a more hydrophobic residue such as leucine, 
Mr valine or isoleucine. A negatively charged amino acid such as aspartic acid may be substituted 
^ for glutamic acid. A positively charged amino acid such as lysine may be substituted for another 
U positively charged amino acid such as arginine. 

^'20 Therefore, the invention includes polypeptides having conservative changes or 

substitutions in amino acid sequences. Conservative substitutions insert one or more amino acids 
which have similar chemical properties as the replaced amino acids. Hie invention includes 
sequences where conservative substitutions are made that do not destroy PERK activity. The 
preferred percentage of sequence similarity for sequences of the invention includes sequences 
25 having at least about: 50% similarity to PERKl . The similarity may also be at least about: 60% 
similarity, 75% similarity, 80% similarity, 90% similarity, 95% similarity, 97% similarity, 98% 
similarity, 99% similarity, or more preferably at least about 99.5% similarity, wherein the 
polypeptide has PERK activity. The invention also includes nucleic acid molecules encoding 
polypeptides, with the polypeptides having at least about: 50% similarity to PERKl . The 
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similarity may also be at least about: 60% similarity, 75% similarity, 80% similarity, 90% 
similarity, 95% similarity, 97% similarity, 98% similarity, 99% similarity, or more preferably at 
least about 99.5% similarity, wherein the polypeptide has PERK activity, to an amino acid 
sequence in figure 1 (or a partial sequence thereof) considering conservative amino acid changes, 
5 wherein the polypeptide has PERK activity. Sequence similarity is preferably calculated number 
of similar amino acids in a multiple alignment expressed as a percentage of the shorter of the 
two sequences in the alignment The multiple alignment is preferably constructed using the 
FASTA 3 program, using the following parameter settings: gap penalty (open) = -12(protein) - 
16 (DNA), gap penalty (extension) = -2 (protein) -4 (DNA) , protein weight matrix = BLOSUM 
1 0 62. (The reference for FASTA 3 is W. R. Pearson and D. J. Lipman (1 988), "Improved Tools for 
Biological Sequence Analysis'*, PNAS 85:2444- 2448,and W. R. Pearson (1990) "Rapid and 
Sensitive Sequence Comparison with FASTP and FASTA" Methods in Enzymology 183:63- 
98). 



yi Polypeptides comprising one or more d-amino acids are contemplated within the 

p 15 invention. Also contemplated are polypeptides where one or more amino acids are acetylated at 
the N-terminus. Those of skill in the art recognize that a variety of techniques are available for 
constructing polypeptide mimetics with the same or similar desired PERK activity as the 
corresponding polypeptide compound of the invention but with more favorable activity than the 



p polypeptide with respect to solubility, stability, and/or susceptibility to hydrolysis and 

proteolysis. See, for example, Morgan and Gainor, Ann. Rep. Med. Chem., 24:243-252 (1989). 
Examples of polypeptide mimetics are described in U.S. Patent Nos. 5,643,873. Other patents 
describing how to make and use mimetics include, for example in, 5,786,322, 5,767,075, 
5,763,571, 5,753,226, 5,683,983, 5,677,280, 5,672,584, 5,668,110, 5,654,276, 5,643,873. 
Mimetics of the polypeptides of the invention may also be made according to other techniques 
25 known in the art. For example, by treating a polypeptide of the invention with an agent that 
chemically alters a side group by converting a hydrogen group to another group such as a 
hydroxy or amino group. Mimetics preferably include sequences that are either entirely made of 
amino acids or sequences that are hybrids including amino acids and modified amino acids or 
other organic molecules. 
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The invention also includes hybrid nucleic acid moleciiles and polypeptides, for example 
where a nucleotide sequence from one species of plant is combined with a nucleotide sequence 
from another sequence of plant, mammal or yeast to produce a fusion polypeptide. The invention 
includes a fusion protein having at least two components, wherein a first component of the frision 
5 protein comprises a polypeptide of the invention, preferably a fiiU length PERK polypeptide. 
The second component of the frision protein preferably comprises a tag, for example GST, an 
epitope tag or an enzyme. The frision protein may comprise lacZ. 

The invention also includes polypeptide fragments of the polypeptides of the invention 
which may be used to confer PERK activity if the fragments retain activity. The invention also 
10 includes polypeptides fragments of the polypeptides of the invention which may be used as a 

research tool to characterize the polypeptide or its activity. Such polypeptides preferably consist 
^ of at least 5 amino acids. In preferred embodiments, they may consist of 6 to 1 0, 11 to 15, 16 to 

S 25, 26 to 50, 5 1 to 75,76 to 100 or 101 to 250 amino acids of the polypeptides of the invention 

Ml 

]j\ (or longer amino acid sequences). The fragments preferably have PERK activity. Fragments 

^16 may include sequences with one or more amino acids removed, for example, C-terminus amino 

nj acids in a PERK sequence. 

iU 

The invention also includes a composition comprising all or part of an isolated PERK 
O nucleic acid molecule (preferably PERKl) of the invention and a carrier, preferably in a 
y composition for plant transformation. The invention also includes a composition comprising an 
g20 isolated PERK polypeptide (preferably PERKl) and a carrier, preferably for studying 
polypeptide activity. 

Recombinant Nucleic Acid Molecules 

The invention also includes recombinant nucleic acid molecules comprising a nucleic 
acid molecule of the invention and a promoter sequence, operatively linked so that the promoter 
25 enhances transcription of the nucleic acid molecule in a host cell (the nucleic acid molecules of 
the invention may be used in an isolated native gene or a chimeric gene (for example, where a 
nucleic acid molecule coding region is coimected to one or more heterologous sequences to form 
a gene). The promoter sequence is preferably a constitutive promoter sequence or an inducible 
promoter sequence, operatively linked so that the promoter enhances transcription of the DNA 
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molecule in a host cell. The promoter may be of a type not naturally associated with the cell 
such as a super promoter, a 35S cauliflower mosaic virus promoter, a chemical inducible 
promoter, a copper-inducible promoter, a steroid-inducible promoter and a tissue specific 
promoter . 

5 A recombinant nucleic acid molecule for conferring PERK activity may also contain 

suitable transcriptional or translational regulatory elements. Suitable regulatory elements may be 
derived from a variety of sources, and they may be readily selected by one with ordinary skill in 
the art. Examples of regulatory elements include: a transcriptional promoter and enhancer or RNA 
polymerase binding sequence, a ribosomal binding sequence, including a translation initiation 
10 signal. Additionally, depending on the vector employed, other genetic elements, such as selectable 
markers, may be incorporated into the recombinant molecule. Markers facilitate the selection of a 
transformed host cell. Such markers include genes associated with temperature sensitivity, drug 
Q resistance, or enzjones associated with phenotypic characteristics of the host organisms. 

m Nucleic acid molecule expression levels are controlled with a transcription initiation 

u 1 5 region that regulates transcription of the nucleic acid molecule or nucleic acid molecule fragment 
of interest in a plant, bacterial or yeast cell. The transcription initiation region may be part of the 
construct or the expression vector. The transcription initiation domain or promoter includes an 



O RNA polymerase binding site and an mRNA initiation site. Other regulatory regions that may be 
'ut used include an enhancer domain and a termination region. The regulatory elements described 
^^20 above may be from animal, plant, yeast, bacterial, fimgal, viral or other sources, including 
synthetically produced elements and mutated elements. 

Methods of modifying DNA and polypeptides, preparing recombinant nucleic acid 
molecules and vectors, transformation of cells, expression of polypeptides are known in the art. 
For guidance, one may consult the following US patent nos. 5,840,537, 5,850,025, 5,858,719, 
25 5,710,018, 5,792,851, 5,851,788, 5,759,788, 5,840,530, 5,789,202, 5,871,983, 5,821,096, 
5,876,991, 5,422,108, 5,612,191, 5,804,693, 5,847,258, 5,880,328, 5,767,369, 5,756,684, 
5,750,652, 5,824,864, 5,763,21 1, 5,767,375, 5,750,848, 5,859,337, 5,563,246, 5,346,815, and 
W09713843. Many of these patents also provide guidance with respect to experimental assays, 
probes and antibodies, methods, transformation of host cells and regeneration of plants, which 
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are described below. These patents, like all other patents, publications (such as articles and 
database publications) in this application, are incorporated by reference in their entirety. 

Host Cells Including a PERK Nucleic Acid Molecule 

In a preferred embodiment of the invention, a plant or yeastcell is transformed with a 
5 nucleic acid molecule of the invention or a fhigment of a nucleic acid molecule and inserted in a 
vector. 

Another embodiment of the invention relates to a method of transforming a host cell with 
a nucleic acid molecule of the invention or a fragment of a nucleic sicid molecule, inserted in a 
vector. The invention also includes a vector comprising a nucleic acid molecule of the invention. 
10 The nucleic acid molecules can be cloned into a variety of vectors by means that are well known 
in the art. The recombinant nucleic acid molecule may be inserted at a site in the vector created 
^ by restriction enzymes. A number of suitable vectors may be used, including cosmids, plasmids, 

tesf 

M bacteriophage, baculoviruses and viruses. Suitable vectors are capable of reproducing 

^ themselves and transforming a host ceil. The invention also relates to a method of expressing 

1 5 poljrpeptides in the host cells. A nucleic acid molecule of the invention may be used to 
RJ transform virtually any type of plant, including both monocots and dicots. The expression host 

may be any cell capable of expressing PERK, such as a cell selected from the group consisting of 



molecules or nucleic acid molecule fragments that code for anti-sense RNA inserted in the 
vectors described above. 

Agrobacterium tumefaciens-mcihaited transformation, particle-bombardment-mediated 
transformation, direct uptake, microinjection, coprecipitation and electroporation-mediated 
25 nucleic acid molecule transfer are useful to transfer a PERK nucleic acid molecule into seeds 
(where appropriate) or host cells, preferably plant cells, depending upon the plant species. The 
invention also includes a method for constructing a host cell capable of expressing a nucleic acid 
molecule of the invention, the method comprising introducing into said host cell a vector of the 




a seed (where appropriate), plant cell, bacterium, yeast, fungus, protozoa, algae, animal and 



animal cell. 



Levels of nucleic acid molecule expression may be controlled with nucleic acid 
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invention. The genome of the host cell may or may not also include a functional PERK gene. 
The invention also includes a method for expressing a PERK polypeptide in the host cell or a 
plant, plant part, seed or plant cell of the invention, the method comprising culturing the host cell 
under conditions sxiitable for gene expression. The method preferably also includes recovering 
5 the expressed polypeptide from the culture. 

The invention includes the host cell comprising the recombinant nucleic acid molecule 
and vector as v^ell as progeny of the cell. Preferred host cells are fungal cells, yeast cells, 
bacterial cells, mammalian cells, bird cells, reptile cells, amphibious cells, microorganism cells 
and plant cells. Host cells may be cultured in conventional nutrient media. The media may be 
10 modified as appropriate for inducing promoters, amplifying genes or selecting transformants. 
The culture conditions, such as temperature, composition and pH will be apparent. After 
^ transformation, transformants may be identified on the basis of a selectable phenotype. A 

O selectable phenotype can be conferred by a selectable marker in the vector. 

Transgenic Plants and Seeds 



. 1 5 Plant cells arc useful to produce tissue cultures, seeds or vdiole plants. The invention 

rU includes a plant, plant part, seed, or progeny thereof including a host cell transformed with a 



PERK nucleic acid molecule. The plant part is preferably a leaf, a stem, a flower, a root, a seed 
or a tuber. 



The invention includes a transformed (transgenic) plant having increased PERK activity, 
20 the transformed plant containing a nucleic acid molecule sequence encoding for polypeptide 
activity and the nucleic acid molecule sequence having been introduced into the plant by 
transformation under conditions whereby the transformed plant expresses a PERK polypeptide in 
active form. 

The methods and reagents for producing mature plants from cells are known in the art. 
25 The invention includes a method of producing a genetically transformed plant which expresses 
PERK polypeptide by regenerating a genetically transformed plant from the plant cell, seed or 
plant part of the invention. The invention also includes tibue transgenic plant produced according 
to the method. Alternatively, a plant may be transformed with a vector of the invention. 
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The invention also includes a method of preparing a plant vnih increased PERK activity, 
the method comprising transforming the plant with a nucleic acid molecule ^^ch encodes a 
PERK polypeptide or a polypeptide encoding a PERK polypeptide capable of increasing PERK 
activity in a cell, and recovering the transfonned plant with increased PERK activity. The 
5 invention also includes a method of preparing a plant with increased PERK activity, the method 
comprising transforming a plant cell with a nucleic acid molecule which encodes a PERK 
polypeptide capable of increasing PERK activity in a cell. 

Overexpression of PERK leads to an improved ability of the transgenic plants to resist 
wounding or pathogen damage. 

1 0 The plants whose cells may be transfonned with a nucleic acid molecule of this invention 

and used to produce transgenic plants include, but are not limited to the 

6j Target plants : Brassica napus, Brassica rapa, Brassica juncea, Brassica oleracea^ or from the 

D 

M family Brassicaecae, Arabidopsis, potato, tomato, tobacco, cotton, carrot, petunia, sunflower, 

yi 

strawberries, spinach, letmce, rice, soybean, com, wheat, lye, barley, sorgum and alfal&. Cereal 
^15 plants including rye, barley and wheat may also be transformed with a PERK polypeptide, 
fU preferably PERKl. 

E 

In a preferred embodiment of the invention, plant tissue cells or cultures which 

P 

1=^ demonstrate PERK activity (or increased PERK activity compared to wild type) are selected and 
^ plants are regenerated from these cultures. Methods of regeneration will be apparent to those 
skilled in the art (see Examples below, also). These plants may be reproduced, for example by 
cross pollination with a plant that does not have PERK activity. If the plants are self-pollinated, 
homo2ygous progeny may be identified from the seeds of these plants, for example, using 
genetic markers. Seeds obtained from the mature plants resulting from these crossings may be 
planted, grown to sexual maturity and cross-poUinated or self-pollinated. 

25 The nucleic acid molecule is also incorporated in some plant species by breeding methods 

such as back crossing to create plants homozygous for the PERK nucleic acid molecule. 

A plant line homozygous for the PERK nucleic acid molecule may be used as either a 
male or female parent in a cross with a plant line lackii^ the PERK nucleic acid molecule to 
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produce a hybrid plant line which is uniformly heterozygous for the nucleic acid molecule. 
Crosses between plant lines homozygous for the PERK nucleic acid molecule are used to 
generate hybrid seed homozygous for the resistance nucleic acid molecule. 

Fragments/Probes 

Preferable fragments include 10 to 50, 50 to 100, 100 to 250, 250 to 500, 500 to 1000, 
1000 to 1500, or 1500 or more nucleotides of a nucleic acid molecule of the invention. A 
fragment may be generated by removing a single nucleotide from a sequence in figxire 1 (or a 
partial sequence thereof). Fragments may or may not encode a polypeptide having PERK 
activity. 

The nucleic acid molecules of the invention (including a fragment of a sequence in figure 
1 (or a partial sequence thereof) can be used as probes to detect nucleic acid molecules according 
to techniques known in the art (for example, see US patent nos. 5,792,851 and 5,851,788). The 
probes may be used to detect nucleic acid molecules that encode polypeptides similar to the 
polypeptides of the invention. For example, a probe having at least about 10 bases will hybridize 
to similar sequences under stringent hybridization conditions (Sambrook et al. 1989, Molecular 
Cloning, A Laboratory Manxial, Cold Spring Harbor). 

Kits 

The invention also includes a kit for conferring increased PERK activity to a plant or a 
host cell including a nucleic acid molecule of the invention (preferably in a composition of the 
invention) and preferably reagents for transforming the plant or host cell. 

The invention also includes a kit for detecting the presence of a PERK or a PERK nucleic 
acid molecule, comprising at least one probe of the invention. Kits may be prepared according to 
known techniques, for example, see patent nos. 5,851,788 and 5,750,653. 

Antibodies 

The invention includes an isolated antibody immunoreactive with a polypeptide of the 
invention. The antibody may be labeled with a detectable marker or unlabeled. The antibody is 
preferably a monoclonal antibody or a polyclonal antibody. PERK antibodies can be employed to 
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screen organisms containing PERK polypeptides. The antibodies are also valuable for immuno- 
purification of polypeptides from crude extracts. 

Examples of the preparation and use of antibodies are provided in US Patent Nos. 
5,792,851 and 5,759,788, For other examples of methods of the preparation and uses of 
5 monoclonal antibodies, see US Patent Nos. 5,688,681, 5,688,657, 5,683,693, 5,667,781, 

5,665,356, 5,591,628, 5,510,241, 5,503,987, 5,501,988, 5,500,345 and 5,496,705. Examples of 
the preparation and uses of polyclonal antibodies are disclosed in US Patent Nos. 5,512,282, 
4,828,985, 5,225,331 and 5,124,147. 

The invention also includes methods of using the antibodies. For example, the invention 
10 includes a method for detecting the presence of a PERK polypeptide, by: a) contacting a sample 
containing one or more polypeptides with an antibody of the invention under conditions suitable 
gi for the binding of the antibody to polypeptides with which it is specifically reactive; b) 
^ separating unbound polypeptides from the antibody; and c) detecting antibody viiich remains 
4] bound to one or more of the polypeptides in the sample. 

t^,15 Research Tool 

ru 

\ Cell cultures, seeds, plants and plant parts transfomied with a nucleic acid molecule of 

^ the invention are useful as research tools. For example, one may obtain a plant cell (or a cell 

w 

M line, such as an immortalized cell culture or a primary cell culture) that does not express PERKl , 

hi 

^ insert a PERKl nucleic acid molecule in the cell, and assess the level of PERKl expression and 
^^20 activity. 

The PERK nucleic acid molecules and polypeptides are also usefid in assays. Assays are 
useful for identification and development of compounds to inhibit and/or enhance polypeptide 
function directly. 

Suitable assays may be adapted from, for example, US patent no. 5,851,788 

25 Using Exogenous Agents in Combination with a Vector 

The nucleic acid molecules of the invention may be used with other nucleic acid 
molecules that relate to plant protection, for example, extensin nucleic acid molecules. Host 
cells or plants may be transformed with these nucleic acid molecules. 
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PERKl POLYPEPTIDE 



A PERKl antibody is an invaluable tool in studies to address the expression^ localization, 
regulation and potential function of PERKl . The coding sequence for &e region containing the 
5 extracellular domain of PERKl as well as the coding sequence representing the entire protein 
were cloned into the pTrcHis expression plasmid for production of His-tagged fusion proteins in 
E. call and purification by affinity chromatography on a Talon resin column- 
Figure 8A represents a Western blot performed on the bacterially expressed extracellular 
domain fusion protein using a T7 monoclonal antibody which recognizes the T7 epitope on the 
1 0 bacterially expressed fusion protein . There was a marked induction of the fusion protein in the 
presence of IPTG (Isopropyl-beta-d-Thiogalactopyranoside) (Figure 8A; lane 2), however 
ff* recovery of the purified protein (Lane 4; bold-face diamond) was not very efficient. The 

presence of the fusion protein in the insoluble fraction (Lane 3) shows that the extracellxilar 
^ domain is likely insoluble and could be purified from inclusion bodies. This method relies on 
15 the bacterial expression system generating large amounts the insoluble fusion protein which form 
inclusion bodies in the bacterial host. Figure 8B is a Western blot to confirm that the 
extracellular domain flision protein is targeted to inclusion bodies. Induction of the fusion 
protein was efficient (Figure 8B; lane 2), and despite its presence in the supernatant (Lane 3) and 
in the denatured insoluble samples (Lane 5), the fusion protein is predominantly in the insoluble 
Q 20 fraction (IB-inclusion body) (Lane 4; open-face diamond) Lanes 6-9 represent the pTrcHisC 
negative control indicating that the signals obtained for the expression of the extracellular 
domain protein are specific to the fusion protein. The extracellular domain fusion protein can be 
used as an antigen and injected into rabbits in order to generate a polyclonal antibody against the 
extracellular domain of PERKl . This fusion protein can either be injected directly as an 
25 inclusion body in the presence of an adjuvant, or alternatively, the protein purified from the 
inclusion bodies can be separated on an SDS-Polyacrylamide gel, and the region of the gel at 
which the protein of interest migrates can be excised and used for injection. It should be noted 
that the bacterially expressed fusion protein is migrating at a higher molecular weight than 
predicted from the amino acid sequence, however this is not entirely uncommon and could in fact 
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be due to the high percentage of proline residues (40%) comprising the extracellular domain of 



PERKl. 



Similar experiments were conducted for the fusion protein corresponding to the entire 
coding region of PERKl . Figure 9 is a Western blot conducted on the bacterially expressed 
5 PERKl protein to determine whether the full length protein is insoluble and forms inclusion 
bodies. Although the induction of the full length protein was not as pronoimced (Figure 9; lane 
2) it is quite evident that the fusion protein is predominantly localized in the insoluble fraction 
(i.e. inclusion body) (Lane 4; bold-face square) Lanes 6-9 represent the parental plasmid as 
mentioned above. We are currently modifying several variables of the induction protocol in an 
10 attempt to maximize the yield of full length PERKl protein The PERKl fusion protein can also 
be used as an antigen to raise antibody against full length PERKl as previously described. 

m We show that PERKl encodes a protein with kinase activity as its sequence predicts. The 

ff bacterially expressed catalytic domain fusion protein of PERKl is tested for kinase activity. 
ITi Furthermore, to ensure that the phosphorylation of the fusion protein was not a result of 



'^^20 for protein production in the presence of IPTG and purified by afSnity chromatography on MBP 
amylose resin. Figure 1 OA is a Western blot to confirm the induction and purification of both the 
wild-type (bold-face star) and mutated (bold-face arrow) catalytic domain fusion proteins using 
an anti-MBP antibody. The wild-type fusion protein appears to be toxic in bacteria which 
compromises its inducibility and purification (Figure lOA; lanes 3-4). In addition, the wild-type 
25 fusion protein migrates at a slightly larger molecular weight than does the mutated protein* The 
mutated fusion protein is induced and purified more efficiently, perhaps due to the &ct that it is 
no longer kinase active (Figure lOA ; Lanes 6-7). Purified pMAL-c (Lane 1; bold-face circle) 
was used as a negative control for this experiment 




bacterial kinase activity, a mutated catalytic domain was also generated by site directed 
mutagenesis which introduced a single base pair substitution of a lysine residue to a glutamic 
acid residue (K— >>E). This mutation modifies the essential invariant lysine of subdomain II 
required for phospho-transfer and renders the kinase inactive. Both the wild-type and the 
mutated catalytic domains of PERKl were cloned into the pMAL-c expression system, induced 
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Figure 1 OB represents a kinase assay performed on affinity purified wild-type and 
mutated fusion proteins incubated in the presence of y-32PdATP. Detection of a phosphoprotein 
only in Lane 1 provides direct biochemical evidence that the wild-type catalytic domain (bold- 
face star) of PERKl encodes a functional protein kinase that is capable of autophosphorylatioti 
5 (Lane 1) and that the mutation successfully abolished kinase activity (Lane 2). 

Since PERKl is known to encode a protein with kinase activity phosphoamino acid 
analysis was performed to determine the amino acid specificity of its autophosphorylating 
activity. The results demonstrate that PERKl is phosphorylated on serine/threonine residues and 
is therefore a serine/threonine receptor kinase. 

1 0 Transgenic Work 

An important focus of agricultural biotechnology research is in devising new strategies to 
2 combat crop losses due to plant diseases and pests. Advances in the development and 

M: improvement of plant transformation techniques has opened up new avenues for generating crops 

Lfl 

with enhanced resistance against disease and insect attack (i.e. mechanical wounding). Plants 
1 5 can now be engineered to express pathogen derived compoimds that disrupt the infection process 
ru or alternatively a more desirable and perhaps effective approach is to enhance a plant's 

endogenous defense mechanisms. Furthermore, the downstream defense mechanisms are fiairly 
}^ well understood, therefore manipulation of some potential upstream signals that control the 
W battery of defense proteins may be a promising strategy to engineer plants with enhanced and 
^^20 broad-spectrum resistance against both insect injury and pathogen attack. PERKl functions as 

one such gene. 

One approach to show the role of a particular gene in the regulation of gene expression in 
response to pathogen attack or mechanical wounding has been to generate transgenic plants 
constitutively expressing the respective cDNA in the sense [1-2] or antisense [3] orientations 
25 and examining the effects of wounding and pathogen attack on known downstream target genes 
involved in these processes. Generating plants that overexpress the antisense PERKl transcript 
shows the role of PERKl in mediating a plant's defense response to both wounding and 
pathogen attack. By mechanically injuring, inoculating with pathogens (i.e. Sclerotinia 
sclerotiorum, Cylindrosporium concerthcum, Phoma lingam) or treating with chemical elicitors 
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and looking at the levels of downstream genes directly involved in these various processes, we 
directly implicate PERKl in these pathways. For example, the expression of the functional 
PERKl protein is abolished and induction of downstream genes is reduced, so PERKl is an 
important upstream component of the pathway. PERKl offers protection against wounding and 
5 pathogen attack, so plants overexpressing PERKl in the sense orientation exhibit an 

accumulation of downstream target transcripts involved in these responses and ultimately 
enhanced resistance. 

We score for a phenotype such as enhanced survival of plants overexpressing PERKl 
compared to the enhanced susceptibility of plants overexpressing antisense PERKl transcripts in 
1 0 response to pathogen treatment. 

(References 1. Tang, X. et al. (1999). Overexpression of Pto activates defense responses and 
confers broad resistance. Plant Cell 11, 15-29; 2. Cao, H. et al. (1998). Generation of broad* 
Q spectrum disease resistance by overexpression of an essential regulatory gene in systemic 
in acquired resistance. Proc. Natl. Acad, Sci. 95, 653 1-6536; 3. Royo, J. et al. (1999). Antisense- 

1^1 5 mediated depletion of a potato lipoxygenase reduces wound induction of proteinase inhibitors 

m 

and increases weight gain of insect pests. Proc. Natl. Acad. Sci. 96, 1 146-1 151.) 
Generating Transgenic PERKl Brassica napus Plants 

^ In order to generate transgenic Brassica napus plants expressing altered levels of PERKl , 

the full length PERKl cDNA is cloned into a plant transfonnation vector in the sense orientation 

-520 downstream of the constitutively active 35S promoter from the cauliflower mosaic virus (35S 
CaMV). Subsequently, this expression construct is introduced into an Agrobacterium 
iumefaciens strain in order to transform B. napus plants via Agrobacterium mediated 
transfonnation. Plant transfoimants containing the integrated PERKl cDNA are selected and 
tested for the presence of the transgene. 

25 Upon generating transgenic plants constitutively expressing the PERKl cDNA in the 

sense orientation, we examine the effects of wounding and pathogen attack on known 
downstream genes involved in these processes to confirm the involvement of PERKl in these 
pathways. PERKl is an upstream component of these pathways. It is involved in mediating a 
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plant*s defense response lo both wounding and pathogen attack , and transgenic plants 
overexpressing the PERKl cDNA in the sense orientation exhibit an increase in the expression of 
downstream target genes of these pathways. Furthermore, these plants exhibit an enhanced 
survival relative to a wild type plant in response to wounding and pathogen attack, 

5 We investigate the role of PERKl as a signaling molecule in response to wounding and 

pathogen attack. Induction of PERKl with respect to changes in levels of phosphorylation shows 
the role of PERKl in these processes. The PERKl protein is immunoprecipitated using the anti- 
PERKl antibody from total protein extracts prepared from B. napus tissue after treatment with a 
specific stimulus and immunoblotted using a commercially available anti-phospho (serine or 
1 0 threonine) antibody. This approach provides quantitative results for the levels of PERKl 
phosphorylation in response to various stimuli. 

ff^ EXAMPLES 

a 

M: Isolation and Sequence Analyses of PERKl cDNA 



In order to isolate novel receptor-like protein kinases in 5. napus sl combination of 
1 5 degenerate oligonucleotide primers designed against conserved kinase subdoxnains I and VII 
(Hanks and Quinn, 1991) were used to amplify mass excised phagemid DNA from a newly 
constructed lambda-pistil cDNA library. The cDNAs encoding products of the expected length 
(~420-4S0 bp) were cloned and the deduced partial sequences were analysed against several 
databases in order to determine which clone represented a novel kinase. One of several 
20 candidates, showed the highest degree of sequence similarity to the cytoplasmic domain of 
known plant receptor protein kinases, and was therefore used to screen the amplified lambda- 
pistil cDNA library. Several positive clones obtained from the library screen were completely 
sequenced and apartial 1S12 bp consensus sequence was generated to represent the PERKl 
cDNA isolated from the library screen. Although this partial PERKl cDNA had an open reading 
25 frame, it did not encode a full length transcript, therefore the 5' end was completed by 5* RACE 
(see Methods). 

The deduced amino acid sequence of PERKl is shown in Figure 1 A and a schematic 
representation of its hydropathy plot is shown in Figure IB. The full length cDNA sequence is 
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21 89 bp and consists of one large open reading frame of 1944 bp encoding a predicted protein of 
648 amino acids with an estimated molecular mass of 69 kDa (Figure 1). The first methionine of 
this open reading firame is preceded by two in firame stop codons, TAA and TGA at positions -48 
to -45 and -23 to -21 respectively. In addition, there is also an AGAA sequence at position -9 to 
5 -6 (Figure 1 ) which is a fevourable site for translation initiation in all eukaryotes (Lutcke et al., 
1987). 

PERKl encodes a receptor-like kinase possessing an extracellular domain, a single 
membrane spanning domain and an intracellular kinase domain (Figure IB) with four potential 
N-linked glycosylation sites (Asn-X-Ser/Thr) found throughout the sequence (Figure 1 A) 
10 (Weinstein et al., 1982), The predicted polypeptide sequence was analyzed using the PSORT 
database and determined to be a Type lb intergral membrane protein with a hydrophilic amino 
terminal domain exposed on the exterior of the membrane but whose coding sequence does not 
O indicate a cleavable signal sequence preceding this domain. Singer (1990) proposes that despite 
\r% the lack of a signal peptide, Type lb integral membrane proteins are inserted into the membrane 
yzi 15 via the usual ER-transiocator protein machinery with some slight modifications. The 
ry extracellular domain of this protein consists of 137 amino acids (Figure 1 A) rich in proline and 
_ sharing sequence similarity with extensins, a family of hydroxyproline-rich glycoproteins 

^ (HRGPs) that constitute a major protein component of higher plant cell walls (Showalter, 1 993). 
Extensin proteins have two proposed functions in plants, one which contributes to the structural 
20 support of the cell wall by forming glycoprotein networks and the other which involves plant 
defense; helping to protect the plant against mechanical wounding or pathogen attack (Wilson 
and Fry, 1986; Showlater, 1993). A distinctive characteristic prevalent among dicot extensins is 
the repetitive Ser-(Pro)4 pentapeptide consensus motif (Showalter, 1993). A unique feature of 
PERKl's extracellular domain is the predominance of a slightly modified Ser-(Pro)2.3 motif in 
25 addition to the presence of one signature pentapeptide block (Figure 1 A). In order to investigate 
the phylogenetic status of PERKl, sixty foxir deduced amino sequences corresponding to the 
extracellular and transmembrane domains of extensin, proline rich and other cell wall proteins 
were retrieved from Genbank and used to construct a phylogenetic tree (Clustal X). Results fix)m 
the phylogenetic analysis indicated that PERKl is most similar to a subset of extensin proteins as 
30 shown by the sequence homology restricted predominantly to the serine/proline rich regions of 
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the protein (data not shown). Extensins and proline rich proteins comprise two major classes of 
cell wall proteins and are essential for maintaining the proper architecture of a plant cell wall as 
well as important in helping protect plant cells against wounding and pathogen invasion. These 
protein families have been the focus of many research efforts and members belonging to these 
5 protein classes have been isolated in a wide range of plant systems. A certain degree of 

sequence identity or conservation is retained among these proteins isolated from different plants. 
Given that PERKl shows homology in its extracellular domain to the extensin family of cell wall 
proteins and is rich in proline residues, homologues of PERKl exist in many other plant systems. 

The protein also contains two other domains of note. Hydropathy analysis (Kyte and 
1 0 Doolittle, 1 982) of the protein sequence predicted a membrane spanning region of 23 amino 
acids (Figure I; residues 138-160) followed by a characteristic stop transfer sequence rich in 
^ charged amino acids [Arg-Arg-Arg] required for the proper insertion in the membane (Weinstan 
S et al., 1982). 

y I All known protein kinases display amino acid sequence similarity in their catalytic 

M: 1 5 domains which are comprised of eleven subdomains containing some invariant residues 
'p^i important for catalysis (Hanks and Quinn, 1991). The overall features of this organization are 
- identified in the catalytic domain of the PERKl protein in that all of the absolutely conserved 

f ■ 

O amino acids as well as the highly conserved amino acid groups are present (Figure 1 A). The 

Ml 

; , I sequences of DIKASN in subdomain VI and GTFGYLAPE in subdomain Vni (Hanks and 
20 Quirm, 1991) are strong indicators that PERKl may possess serine/threonine rather than tyrosine 
substrate specificity (Figure lA). 

PERKl is a Single Copy Gene and Ubiquitously Expressed in napus Tissue 

As shown in Figure 2, Southem blot analysis was performed under conditions of varying 
stringency using B. napus genomic DNA digested with several restriction enzymes in order to 
25 determine copy number of PERKl in the Brassica genome. Based on knoAvn restriction sites 
within the cDNA and identical hybridization patterns obtained for low and high stringency 
conditions (Figure 2), PERKl appears to exist as a single copy gene and is not a member of a 
multigene family. 
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In order to determine whether PERKl is expressed in plant tissues, RNA gel blot analysis 
was performed using poly(A)^ mRNA isolated from a variety of B. napus tissues as shown in 
Figure 3. A partial 1.5 kb PERKl cDNA probe used in this experiment detected a transcript of 
2.2 kb (Figure 3A) which is consistent with the size of the full length PERKl cDNA. The 
5 presence of a higher molecular weight transcript of - 4.4 kb in root (Figure 3 A) may represent 
an alternatively spliced transcript of PERKl generated during mRNA processing. This is 
reminiscent of the alternative transcript detected for the carrot extensin gene which as reported 
by Chen and Vamer (198S) is predominantly expressed in root tissue. 

The 2.2 kb PERKl transcript was most abundant in B. napus root, stem and petal tissue 
10 (Figure 3 A). Levels of PERKl mRNA were also detected in leaf and pistil tissue albeit at much 
lower levels and transcripts appear to be absent in the anther tissue (Figure 3 A). As an internal 
control the blot was reprobed with a cyclophilin EST cDNA to ensure even loading of the 
Q poly(A)* mRNA. A 700 bp cyclophilin transcript detected with relatively the same intensity in 
^ all tissues with the exception of anther indicates that equal amounts of mRNA was used (Figure 
'p^S 3B). In addition, the ethidium bromide stained gel shows relatively even loading (Figure 3C). 
fw The striking diiference in the intensity of the cyclophilin signal in anther tissue (Figure 3B) is a 

ry 

. common problem associated with the desiccate nature of the tissue, and could be attributed to the 

low abundance of cyclophilin mRNA present in the anther tissue as reported by Gasser et al. 

(1990). 



f20 Changes in PERKl mRNA in Response to Wounding and Chemical Elicitors 

In order to examine whether PERKl expression could be influenced by external stimuli, 
leaf and stem tissue of S. napus plants were wounded and the abundance of PERKl mRNA was 
determined by standard Northern blot analysis using the full length PERKl cDNA as a probe 
(see Methods). Figure 4 shows changes in the steady-state levels of PERKl mRNA 
25 accumulation following injuzy. PERKl transcripts in wounded leaf tissue began to accumulate S 
min after wounding, reaching maximal levels within 1 S min post injury represented by an 8.2 
fold induction. A 4.5 fold increase in PERKl mRNA levels was detected 45 min following 
treatment declining towards basal levels by 1 hr (Figure 4A). 
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A similar profile oi PERKl mRNA steady state levels was obtained for woimded stem 
tissue (Figure 4B). An accumulation of PERKl mGRNA in stem is evident 15 min following 
wounding which represents a 3.6 fold induction of this gene. Maximum steady state levels of 
PERKl mRNA in stem was achieved 45 min after injury corresponding to a 4.5 fold induction. 
5 Therefore, the overall kinetics of PERKl mRNA accumulation in both tissues after mechanical 
woimding is clearly a very rapid response (Figure 4). 

Defense mechanisms deployed by plants in response to wounding or pathogen attack 
have been shovm to be induced by certain plant derived chemicals such as methyl jasmonate 
(MeJA) and salicylic acid (SA), In order to examine changes in the levels of PERKl mRNA 
1 0 abundance in response to exogenous application of MeJA, B. napus plants were thoroughly 

sprayed with a 5 micromolar MeJA solution. Leaf and stem tissue was subsequently harvested at 
^ various times and the steady state levels of PERKl mRNA were analysed. Figure 5 A shows the 
Q RNA gel blot and corrected PERKl mRNA profile for treated leaf tissue during which no 
significant accumulation of PERKl mRNA was detected. In response to MeJA, levels of 
1 5 PERKl transcript in leaf tissue were very weak resembling basal levels in untreated tissue 
nj (Figure 3 A). Exogenous application of MeJA to stem tissue had no effect on the accumulation of 

PERKl mRNA as shown by the corrected profile in which the fold induction of PERKl did not 
^ deviate substantially from the untreated control (0 hr) (Figure 5B). Furthermore, no increase in 
1^ the steady state levels of PERKl mRNA was detected in the appropriate control treatment ( 0.1% 
.^20 p/J ethanoi, solvent control for MeJA) at time 0 hr. 

Many genes isolated to date that are induced by a pathogenic stimulus can be at least 
partially induced by SA (Ward et ai., 1991). In order to address the potential role of PERKl in a 
plant's defense response against pathogen attack, 4mM SA was used as a chemical elicitor and 
sprayed onto B. napus plants. Figure 6A shows that when SA is exogenously applied to leaf 
25 tissue, PERKl mRNA accumulates 15 min following treatment reaching a maximum 5 fold 
induction 45 min post-treatment. Steady state levels of PERKl mRNA in treated stem tissue 
peaked at 45 min corresponding to an ^proximate 2 fold induction in response to 4mM SA 
(Figure 6B). 
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MATERIALS AND METHODS 
Construction of Lambda-Pistil cDNA Library 

Pistils were collected from floral buds of Westar and Wl cultivars 1-2 days before anthesis. 
Total RNA was isolated using the method described by Jones et al. (1985), and enriched for 
5 poly(A)"*^ mRNA by affinity chromatography using pre-packed oligo (dT)25-cellulose beads (New 
England Biolabs, Beverly, MA). Approximately five micrograms of pistil poly(A)* mKN A was 
used for the construction of a cDNA library using the ZAP-cDNA® synthesis kit (Stratagene, La 
Jolla, CA). The information encoded by the poly (A)* mRNA was reversed transcribed using M- 
MuLV RT and converted into stable, unidirectional cDNA which was subsequently inserted into 
10 a self-replicating Uni-ZAP XR vector, packaged into phage particles in three separate packaging 
reactions and amplified as described by the man\ifacturer's procedures (Stratagene, La JoUa, 
CA). Infection of Escherichia coli host strain XLI-Blue yielded a primary library with an 
rf average titer of 1 .Ox 1 0* plaque forming units. The primary library was subsequently amplified to 

W obtain an average total of 6.6x1 0^® plaque forming units. 

in 

^ 5 Generation of Novel Receptor-like Protein Kinase Clones 

The isolation of novel Brassica napus receptor kinases relied upon the newly constructedcDNA 
H library and involved in vivo mass excision of the pBluecsript ph^emids firom the Uni-ZAP XR 



vectors as outlined by the manxifacturer (Stratagene, La Jolla, CA). Following efficient mass 
excision, phagemid DNA was extracted using a large scale alkaline protocol as described by 
^20 Sambrook et al. (1 989) and subjected to the polymerase chain reaction (PCR) using two separate 
oligonucleotide combinations, RK1/RK2 and RK1/RK3 (otained from M. Cock, £cole Noxmale 
Superieure de Lyon, France) specifically designed to prime conserved subdomains of the 
catalytic domain of receptor protein kinases. RKl (5- ggiggTTTCggiAT^CAgTiTT\^c^^%gg - 
3') served as the forward primer and was constructed based upon a conserved amino acid 
25 consensus (GGFGIV%KG) within subdomain I of the catalytic domaiiL The degeneracy of one 
reverse primer RIC2 (5 * - AAiATiC^gigCCATiCC^gAAYc - 3 ') reflects a conserved amino acid 
consensus (DFGMARIF) of subdomain VII which closely resembles the SRKs in Brassica. The 
second reverse oligonucleotide RK3 (5' - A«AiA«/cTTigCiA^giCC^^%TC - 3') was generated 
based upon conserved amino acids (DFGLAKLL) within subdomain VII prevalent among the 
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RLKs isolated in ArabidoPsis. Phagemid DNA was amplified in a reacuon mixture containing 1 
microliter of excised phagemid DNA, lOx PCR bufifer (lOOmM Tris-HCl pH8.3, 500mM KCl, 
15mM MgCy, lOmM deoxyribonucleotide triphosphate mixture, 10 micromolar of each 
oligonucleotide primer and 0.5 microliter Tsg polymerase (BioBasics, Canada). The PCR 
5 reaction was heated at 95**C for 2 min and amplified for 35 cycles imder the following 
amplification conditions: 1 min at 95'*C for denaturation, 1 vain 30 sec at 50°C for primer 
annealing and 1 min at 72X for synthesis. A final extension cycle of 10 min at 72®C was also 
incorporated into the amplification program. All PCR products generated of the expected size 
(420-450 bp) were gel purified, cloned into the pTTBlue plasmid (Novagen, Madison, WI) and 
10 introduced into Escherichia coli DH5- alpha. Transformants were tested for the presence of an 
insert and positive clones were sequenced with universal primers (R-20 and U-19) by an ABI 
automated sequencer (Model 373 STRETCH DNA; Perkin Elmer Corp., Canada Ltd.) using the 
^i: dideoxy chain-terminating method described by Sanger et al, (1977). Sequence analyses 

H performed using DNAsis® software (Hitachi Software, San Bruno, CA) at the nucleotide and 

W 

in1 5 amino acid levels. 
H 

fU Screening of Lambda-Pistil cDNA Library 

2 The original 351 bp PCR product was used to screen the lambda-pistil cDNA library. 

La 

Q Approximately 2x10^ plaques from the amplified library w^e screened and plated at a density of 
J , J 1x10^ pfu/plate. Duplicate colony lifts were performed according to Sambrook et al. (1989), and 
C20 prehybridized for 2 hr at 42°C in 50% formamide, 5x Denhardt's solution (Ix Denhardt*s 

solution is 0.02% Ficoll, 0.02% DVP, 0.02% BSA), 5x SSC (Ix SSC is 0.15M NaCl, 0.015M 
sodium citrate), 0.1% SDS, ImM EDTA and 100:g/ml sahnon sperm DNA. Filters were 
subsequently hybridized overnight in the same solution containing the 351 bp PERKl cDNA 
radiolabeled by random priming (Feinberg and Vogelstein, 1983) and washed twice with 2x 
25 SSC, 0.1% SDS at room temperature for 15 min, followed by two 25 min washes with 0.5x SSC, 
0,1% SDS at 55**C. Plaques containing putative positive clones were cored and subjected to 
several rounds of screening until single isolates representing the PERKl clone were obtained. 
Single clone excision to liberate the double stranded pBluescript phagemid was performed on 
each isolate according to the procedure recommended by the manufacturer (Stratagene, La JoUa, 
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CA), Phagemid DNA digested with EcoRI/XhoI to release the cloned cDNA was subjected to 
standard plasmid Southern blot analysis as described by Sambrook et al. (1989) and probed with 
the radiolabeled 351 bp PERKl cDNA. The membrane was prehybridized at 42*C in 5x SSPE, 
lOx Denhardl's solution and 0.5% SDS for 2 hr and hybridized overnight at the same 

5 temperature in a buffer containing 50% formamide, 5x SSPE and 0.5% SDS. Washing 

conditions were performed twice at room temperature for 15 min in 2x SSC, 0.1% SDS followed 
by several 30 min washes at 55-60**C in O.lx SSC, 0.1% SDS. An intense hybridization signal 
would confirm whether phagemids isolated from the library screen contained the cloned cDNA 
of interest. Several positive clones were sequenced as previously mentioned using both universal 

1 0 and sequence specific primers to generate a consensus sequence representing the PERKl cDNA 
clone (151 2bp) isolated from the lambda-pistil cDNA library. 

Rapid Amplification of cDNA £nds (5 'RACE) 

The 5' end of the PERKl cDNA was obtained by the procedure for the rapid 



Uj amplification of cDNA ends originally described by Frohman et al. (1988) using the 5' RACE 

u15 System, Version 2.0 kit (Gibco-BRL, Gainthersburg, MD), First strand cDNA was synthesized 

hi 

m 



from approximately 300:g of mixed Westar and Wl pistil total RNA using a gene specific primer 
f GSPl (5'-TAACCAACAAgAgACA-3') designed to anneal approximately 300 bp from the 5' 

Q end of the PERKl cDNA (1512 bp) isolated from the library screen. Following cDNA synthesis. 



h 
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the first strand product was purified from unincorporated dNTPs and GSPl using a GLASS 



%^20 MAX® spin cartridge. A homopolymeric tail was added to the 3 ' end of the cDNA using TdT 
(terminal deoxynucleotidyl transferase) and dCTP. Tailed cDNA was amplified using a second 
gene specific primer GSP2 (5'-CCACTCCCAACTTTCAAC -3') desgmed to anneal 3' to GSPl 
with respect to the cDNA, and an abridged anchor primer (Gibco-BRL, Gainthersburg, MD) 
which annealed to the homopolymeric tail. PGR amplification was carried out for 35 cycles of 
25 denaturation at 94°C for 1 min, primer armealing at 55°C for 1 min and extension at 72X for 2 
min, followed by a final extension cycle for 10 min. A PGR product of the expected size (-1 kb) 
corresponding to the 5 'end of PERKl was gel purified, cloned into the pT7Blue plasmid 
(Novagen, Madison, WI) and transfonned into Escherichia coli DH5- alpha. Confirmation of 
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wasobtained by plasmid Southern blot analysis as des 



the 5 'RACE product wasobtained by plasmid Southern blot analysis as described above and by 
sequential primer based sequencing. 

Cloning of Full Length PERKl cDNA 

A PCR based approach was used to generate a full length PERKl cDNA by combining the 
5 5'RACE product cloned into the EcoRV site of pTVBlue with the cDNA isolated from the library 
screen cloned into the EcoRI/XhoI sites of the pBluescript SK phagemid. A forward primer (5'- 
ggAAAgCTTgCATgCCTgCAggTCgAC -3') containing an internal Psfl site was designed to 
aimeal upstream to the EcoRV cloning site of pT7Blue. A reverse primer (5'- 
CgCCTgCAggTAATACgACTCACTATAggg -3') also containing a Psfl site was designed 
10 based on pBluecsript phagemid sequence immediately 3' to the EcoRI/XhoI cloning site. Full 
length PERKl cDNA was generated from a 100 microliter PCR reaction containing 1 microliter 
(~20ng) of each template (cDNA in pTTBlue and pBluescript phagemid), lOx Pfii Buffer 

0 (200mM Tris-HCI pH8.8, lOOmM (NH4)2S04, 20mM MgS04, 1% Triton^-100, Img/mlBSA), 
u\ lOmM dNTPs, SOpmol forward and reverse primers and 1 microliter Pfu polymerase (Gibco- 
J15 BRL, Gainthersburg, MD). The samples were heated to 94**C for 5 min and amplified for 30 

J}t cycles with a denaturing cycle of 1 min, a pimer annealing cycle at 53**C for 1 min followed by 

1 y 

s an extension cycle for 3 min at 72®C. The resulting PCR product of the expected size (-2.2kb) 

p was gel purified and cloned into the PstI restriction site of pBluescript KS CO H. The fiill length 

2 PERKl cDNA sequence was confirmed by a sequential primer based sequencing approach using 
'^20 both universal and sequence specific primers as previoxxsly described. All DNA and protein 

sequence analysis was performed using the DNAsis*^ Software (Hitachi Software, San 
Bruno,CA). 

Genomic DNA Isolation and Southern Blot Analysis 

Genomic DNA was extracted from approximately one gram of yo\mg Brassica napus leaf 
25 tissue according to the method described by Goring et al. (1992b). Approximately 5:g of 
genomic DNA was digested with several restriction enzymes (BamHI, EcoRI, Hindlll, PstI, 
Xbal, Xhol), fractionated through a 0.8% agarose gel and transferred overnight in lOx SSC onto 
Zetaprobe membrane (Biorad, Hercules,CA). This was performed in duplicate to test 
hybridization conditions under low and high stringencies conditions. After drying, the 
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membranes were prewashed in 0.1 x SSC, 0.5% SDS for 25 min at 60^C. The membranes were 
prehybridized and hybridized as previously described for plasmid Southern blots with the 
inclusion of 10% dextran sulfate and 50 micrograno/milliliter salmon sperm DNA in the 
hybridization buffer. Washing conditions for genomic southern blots varied depending on the 
5 stringency tested. One membrane was washed under conditions of low stringency for 15 min at 
room temperature in 2x SSC, 0.1% SDS followed by second 15 min room temperature wash in 
Ix SSC, 0.1% SDS and three final washes at SO'C in Ix SSC, 0.1% SDS.. The second membrane 
was washed under conditions of high stringency by lowering the salt concentration to O.lx SSC, 
0.1% SDS and increasing the temperature to 65°C. The ^^P-labeled 1512 bp PERKl cDNA 
10 probe was generated by random priming as described by Feinberg and Vogelstein (1 983). 
Membranes were subjected to autoradiography pCAR-5 film, Kodak) overnight at -80**C. 

Isolation and Northern Blot Analysis of Multiple Tissue RNA 

Total RNA was extracted from a mixture of Westar and Wl root, stem, leaf, petal, anther 
and pistil tissue as described by Jones et al. (1985). Poly(A)* mRNA was isolated using the 
1^1 5 poly A Spin^ mRNA Isolation kit as outlined by the manufacturer's procedure (New England 
Lq Biolabs, Beverly, MA). Approximately 3 micrograms of poly(A)* mRNA was fractionated on a 
s 1 .2% formaldehyde gel (Sambrook et al., 1989) and transferred to Zet^robe membrane (Biorad, 
□ Hercules, CA) in lOx SSC. Hybridization and high stringency wash conditions were conducted 

as previously described for genomic Southern blot analysis. The membrane was subsequently 
320 probed with a cyclophilin EST clone (No. mBN086) as an internal control for even loading of 
poly(A)*mRNA. 

Plant Treatments 

B. napus plants were grown in a growth chamber at 22**C with a 16hr light period 
followed by an 8hr dark period at 16°C. Experiments were conducted on two month old plants, 
25 and all experiments used one plant per time point from which leaf and stem tissue was harvested. 

Wounding of leaf material was performed by pimching out leaf discs every 1cm around 
the perimeter of the leaf blade ensuring that the midvein remained intact, and stems were 
wounded by slicing into l-3cm segments. The woimded tissues were placed in petri dishes 
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containing filter paper nWJstened with 20niM sodium phosphate buffer supplemented with 50 
microgram/milliliter chloramphenicol to prevent bacterial contamination of the wounded tissue 
(Shirsat et al., 1 996). A control (0 hr) time point for this experiment was performed by 
incubating unwounded tissue in the sodium phosphate buffer. Wounded leaf and stem tissue was 
5 harvested at different times after wouding (0 hr, 5 min, 15 min, 45 min, 1 hr, 4 hr, 12 hr, 24 hr, 
36 hr, 48 hr). 

Plants were thoroughly sprayed with 50 micromolar methyl jasmonate (MeJA; Sigma, 
St Loui$, MO) (Titarenko et al., 1997) and 4mM salicylic acid (SA; Sigma, St. Louis, MO) 
solutions (Schweizer et al., 1998). Leaf and stem tissue was harvested at various time points (0 
10 hr, 5 min, 15 min, 30 min, 45 min, 1 hr, 2 hr, 4 hr, 12 hr, 24 hr, 36 hr, 48 hr, 72 hr, 96 hr) 

following S A and MeJA treatments. Control sprays were performed with the carrying solutions 
in the absence of the chemical inducer. Carrying solutions were SmM phosphate buffer, pH 7 for 
SA, and 0.1% f/^] ethanol for MeJA. 

irk 

in Total RNA was extracted from treated tissue according to the method described by Cock 

-J 15 et al. (1997). Depending on the treatment, varying amounts of total RNA (20-40 micrograms) 

LJ=; was electrophoresed on a 1 .2% formaldehyde and standard Northern blot analysis was performed 

I U 

5 as described by Sambrook et al. (1989). Hybridization and washing conditions were performed 

□ ^ outlined for the multiple tissue northern blot. Following autoradiography, the amounts of 
r! radioactive signal were quantified using Instant Imager Electronic Autoradiography (Packard, 
C20 Meriden, CT). The membranes were reprobed with the cyclohpilin cDNA and the amounts of 

hybridized radiolabeled cyclophilin were quantified in the same manner. The relative amounts of 
RNA hybridized to the full length PERKl cDNA probe were determined after correction for 
differences in the amounts of cyclophilin RNA. 

The present invention has been described in detail and with particular reference to the 
25 preferred embodiments; however, it will be imderstood by one having ordinary skill in the art 
that changes can be made thereto without departing from the spirit and scope of the invention. 

All articles, patents and other docimients described in this application (including database 
sequences and/or accession numbers), US patent application no. 60/149,466 filed on August 
19,1999 (entitled "Characterization of a Novel Receptor Kinase from Brassica with a Putative 
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Role in Plant Defence") and US patent nos. 5,612,191. 5,763,21 1, 5,750,848 and 5681714, are 
incorporated by reference in their entirety to the same extent as if each individual publication, 
patent or document was specifically and individually indicated to be incorporated by reference in 
its entirety. They are also incorporated to the extent that they supplement, explain, provide a 
5 background for, or teach methodology, techniques and/or compositions employed herein. 
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1 . An isolated nucleic acid molecule encoding a proiine-hch, extensin-like receptor kinase 
(PERK) polypeptide, or a fragment of a PERK polypeptide having PERK activity. 

2. The molecule of claim 1, wherein the polypeptide is a signaling molectile associated with the 
5 cell wall via its extensin-like extracellular domain and is involved in the transduction of 

extracellular stimuli into an intracellular response through a c3^oplasmic kinase domain, 
thereby bridging the cell wall-plasma membrane continuum. 

3. The molecule of claim 1, wherein the extracellular stimuli includes wounding or pathogen 
attack. 

10 4. The molecule of claim 1 , wherein the woxmding is selected from the group consisting of a 
cut, a break, a tear, a fold and an insect wound. 

O 5. The molecule of claim 3, wherein the pathogen comprises bacterial pathogens, fungal 

lf\ pathogens, Sclerotinia sclerotiorum, Cylindrosporium concertricum, Phoma linganiy 

'rt Pseudomonas syringae, Streptomyces scabies, Blackleg, Whiterust, Fusarium Head Blight, 

ryi5 Rust, Bunt, Leaf Spot , White mold, root rot, Fusarium ear rot 

lU 

- 6. An isolated nucleic acid molecule encoding a PERK polypeptide, a fragment of a PERK 

Q polypeptide having PERK activity, or a polypeptide having PERK activity, comprising a 

nucleic acid molecule selected from the group consisting of: 

(a) a nucleic acid molecule that hybridizes to all or part of a nucleic acid molecule 
20 shown in [SEQ ID NO: 1], or a complement thereof under low, moderate or high 

stringency hybridization conditions wherein the nucleic acid molecule encodes a PERK 
polypeptide or a polypeptide having PERK activity; 

(b) a nucleic acid molecule degenerate with respect to (a), herein the nucleic 
molecule encodes a PERK polypeptide or a polypeptide having PERK activity. 

25 
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7. The nucleic acid moISTOe of claim 2, wherein the hybridization conditions comprise low 
stringency conditions of IXSSC, 0.1% SDS at SO^'C or high stringency conditions of 
O.IXSSC, 0.1% SDS at 65*^0. 

8. An isolated nucleic acid molecule encoding a PERK polypeptide, a fragment of a PERK 
polypeptide having PERK activity, or a polypeptide having PERK activity, comprising a 
nucleic acid molecule selected from the group consisting of: 

(a) the nucleic acid molecule of the coding strand shown in [SEQ ID NO: 1], or a 
complement thereof; 

(b) a nucleic acid molecule encoding the same amino acid sequence as a nucleotide 
sequence of (a); and 

(c) a nucleic acid molecule having at least 17% identity with the nucleotide sequence 
of (a) and which encodes a PERK polypeptide or a poypeptide having PERK 
activity 

9. The nucleic acid molecule of any of claims 1 to 8, wherein the PERK polypeptide comprises 
aPERKl polypeptide. 

1 0. The nucleic acid molecule of claim 1 , comprising all or part of a nucleotide sequence shown 
in [SEQ ID NO:l] or a complement thereof 

1 1 . A PERKl nucleic acid molecule isolated from Brassica^ or a fragment thereof. 

12. The nucleic acid molecule of claim 1 1, wherein the Brassica comprises Brassica napu,s 
Brassica juncea, Brassica rapa or Brassica oleracea. 

13. A recombinant nucleic acid molecule comprising a nucleic acid molecule of any of claims 1 
to 4 and a constitutive promoter sequence or an inducible promoter sequence, operatively 
linked so that the promoter enhances transcription of the nucleic acid molecule in a host cell. 

14. The nucleic acid molecule of claim 1, wherein the molecule comprises genomic DNA, cDNA 
orRNA. 

15. The nucleic acid molecule of claim 14, wherein the nucleic acid molecule is chemically 
synthesized. 
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16. An isolated nucleic acid molecule comprising a nucleic acid molecule selected from the 
group consisting of 8 to 10 nucleotides of the nucleic acid molecule of claim 6, 11 to 25 
nucleotides of the nucleic acid molecule of claim 6 and 26 to 50 nucleotides of the nucleic 
acid molecule of claim 10. 

5 17. A vector comprising the nucleic acid molecule of any of claims 1 to 4. 

18. The vector of claim 1 7, comprising a promoter selected from the group consisting of a super 
promoter, a 35S promoter of cauliflower mosaic virus, a chemical inducible promoter, a a 
copper-inducible promoter, a steroid-inducible promoter and a tissue-specific promoter. 

19. A host cell comprising the recombinant nucleic acid molecule of claim 1 or the vector of 
1 0 claim 17, or progeny of the host cell. 

20. The host cell of claim 1 9, selected from the group consisting of a fungal cell, a yeast cell, a 
bacterial cell, a microorganism cell and a plant cell. 

21 . A plant, a plant part, a seed, a plant cell or progeny thereof comprising the recombinant 
nucleic acid molecule of claim 13 or the vector of claim 17. 

1 5 22. The plant part of claim 2 1 , comprising all or part of a leaf^ a flower, a stem, a root or a tuber. 

M: 23. The plant, plant part, seed or plant cell of claim 21 , wherein the plant, plant part, seed or 

plant cell is of a species selected firom the group consisting of Brassica napus, Brassica rapa, 
Brassica juncea, Brassica oleracea, or from the family Brassicaecae, Arabidopsis, potato, 
3 tomato, tobacco, cotton, carrot, petunia, sunflower, strawberries, spinach, lettuce, rice, 

20 soybean, com, wheat, rye, barley, sorgum and alfalfa. 

24. The plant, plant part, seed or plant cell of claim 21, wherein the plant comprises a dicot plant. 

25. The plant, plant part, seed or plant cell of claim 21, wherein the plant comprises a monocot 
plant. 

26. An isolated polypeptide encoded by and/or produced from the nucleic acid molecule of any 
25 of claims 1 to 4, or the vector of claim 17. 
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27. An isolated PERK polypeptide or a fragment thereof having PERK activity* 
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28. The polypeptide of claim 27 comprising all or part of an amino acid sequence in [SEQ ID 
NO:l]. 

29. A polypeptide fragment of the PERK polypeptide of claim 27, or a peptide mimetic of the 
PERK polypeptide. 

5 30. The polypeptide fragment of claim 28, consisting of at least 20 amino acids, which fragment 
has PERK activity. 

31 . The fragment or peptide mimetic of claim 29, which is enable of being bound by an 
antibody to the polypeptide of claim 28. 

32. The polypeptide of claim 26 which is recombinantly produced. 

10 33. An isolated and purified polypeptide comprising the amino acid sequence of a PERK 
Pi polypeptide, wherein the polypeptide is encoded by a nucleic acid molecxile that hybridizes 

imder moderate or stringent conditions to a nucleic acid molecule in [SEQ ID NO:l], a 
degenerate form thereof or a complement. 



H 34. A polypeptide comprising a sequence having greater than 20% sequence identity to the 
RJ ^ 5 polypeptide of claim 28. 

M 35. The polypeptide of claim 26, wherein the polypeptide comprises a PERK polypeptide 

a 

H 36. The polypeptide of claim 35, isolated from Brassica, 

W 

%y 37. The polypeptide of claim 36, wherein the Brassica comprises Brassica napus or Brassica 
juncea or Brassica rapa or Brassica oleracea. 

20 38. The polypeptide of claim 34, comprising a kinase domain including at least 30% homology 
to the kinase domain of [SEQ ID NO.:2] and/or an extracellular domain including at least 
20% homology to the extracellular domain of [SEQ ID NO.:2]. 

39. An isolated nucleic acid molecule encoding the polypeptide of claims 27 or 28. 

40. An antibody directed against the polypeptide of claim 28. 

25 41 . The antibody of claim 40, comprising a monoclonal antibody or a polyclonal antibody. 
42. An assay to identify a polypeptide having PERK activity, comprising: 
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43. An isolated nucleic acid molecule encoding a polypeptide that reduces the severity of 
wounding or pathogen attack in a plant, the polypeptide comprising: 

(a) an extracellular domain which recognizes an extracellular binding molecule 
whose level is increased during the womding or pathogen attack, the extracellular 
domain encoding a plurality of repeats selected from the group consisting of SPPPP, SPP, 
PP and PPP, wherein a plurality of the proline molecules are capable being glycosylated 
and/or hydroxylated; 

(b) a membrane domain operably connected to the extracellular domain, wherein the 
membrane domain is capable of extending across a cell membrane from the extracellular 
side of the membrane to intracellular side of the membrane; and 

(c) a cytoplasmic domain operably connected to the membrane domain, wherein the 
cytoplasmic domain comprises a means for producing kinase activity when the 
extracellular binding molecule interacts with the extracellular domain. 
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ABSTRACT 

The invention includes PERK (Proline-rich Extensin-like Receptor Kinase) nucleic acid 
molecules and polypeptides. A receptor-like protein kinase designated PERKl (Proline-rich 
Extensin-like Receptor Kinase I) was isolated from a 8-pistil cDNA library of Brassica napus. 
The deduced PERKl protein is comprised of a cytoplasmic domain that contains all of the 
conserved amino acids prevalent among serine/threonine kinases, a transmembrane domain and 
an extracellular domain with sequence similarity to the extensin family of plant cell wall 
proteins. Northern blot analysis demonstrated that PERKl mRNA accumulated rapidly in leaf 
and stem tissue of A napus in response to wounding and treatment with salicylic acid. In 
contrast, no significant accumulation of PERKl mRNA was detected following treatment with 
methyl jasmonate. The rapidity of PERKl mRNA accumulation in response to these treatments 
shows a role in plant defense signaling. 
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2 5 ACTGOTTCGCCTCCATCTCCACCATCAAACTCCACAACCACCACTCCTCCTCCAOCTTCC 
TOSPPSPPSN* STTTTPPPAS 
eS GCTCCTCCTCCCACCACACCTTCTTCTCCTCCGCCGCCATCCACTATTCCGACATCTCCT 
APPPTTPSSPPPPSTIPTSP 
145 CCTCCTTCTrCTCOCTCTACACCTTCTOCTCCTCCTCCATCTCCACCAACTCCATCTACG 
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EDAyyvppppppopRAoopy 

5 6 5 OOTOOACAOCAOCAACAATGOCOOCAACAAAACOCAACACCACCGTCAOATCATOIGOTG 

OOQQQ gWRQQHATPPSDHVV 
625 ACOrCACTACCACCACCACCTAAOOCTCCATeTCCACCACGOCAACCTCCTCCACCTCCA 
TSLPFPPKAPSPPRQPPPPP 

6 B5 CCACCOCCTTTCATOAGCAOCAOCOOCOOCTCCOACTACTCOOACCOTCCAOTTCTTCCT 
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Mf A R A T N '(i.r.^-_E_.A-iJ-_tu_t- 0. _"a:e_JJ--t 

ii f« 65 GTOCACAAAOOrOTGTTGCCTAOTG OaAAAOAAOTTOCTGTGAAGCAQTTGA AAOTTG 00 
^ y__JH- _ 5. .V. _ t . P S , g _ y_A. _ Y _ K. Ji , t__ J^- -V _ Q 

25 AGTOGTCAGGGAGAQAOGGAGTrrCAGGCAGAGOTTOAGATCATCAOCAGAGTTCACCAC 
H e "'Q -5. . .F_ _ Q_ A. .EL . y , ^_ . I . 5. .R. _ 

1^ 95 AGGCATCTGOTGTCTCnTGTTOGTTATTGCATCOCCGGTOCCAAAAGATrQCTTOTCTAT 

^ rD45 OAOTTTOTTCCTAACAACAATCTCGAOCTTCACCTCCATGOCGAGGOACGOCCTACAATG 

f K F-.Y-P-.>L-«^F.J^.E-I---H. ,L_K_.G. .E..0_ Jl "P^X.M 
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1 5 25 GCAAAO AT6AATAAT0G6TATGACAGAGAGGAOATGGCTCGCATGOTTGCTTOTGCTQC0 
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1585 OCTTOTGTrCGCCATTCAOCTCGCCGCAGACCTCQCATOAGCCAGATTGTGCOTGCOTTA 
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1 S25 CCGACCAeTGACTATOGACTGTACCCOTCTGGTTCAAGCAGCGAGOOCCAAACCACACOC 

PTSDYOLYFSGSSSEOQTTR 
1885 OAAATOOAOAtOGOOAAGATTAABAGAAC CGOTC AGQOTT ATAOTOOACCTTCTGTTTAA 
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Figure 1(d) (continued) 
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Figure 12 A. 



TAGAAAAAAA AA AATGTCAG ACTTAGGCGA GTCGCCGAGT TCTTCACCAC CAGCACCACC 
AGCTGATACC GCTCCTCCAC CAGAGACTCC ATCAGAAAAC TCAGCTCTTC CACCTGTTGA 
TTCCTCTCCT CCTAGTCCAC CAGCTGATTC ATCATCAACA CCGCCGCTGT CAGAACCATC 
CACTCCTCCT CCAGATTCAC AGCTTCCTCC TTTACCTTCX^ ATTCTTCCTC CGCTAACAGA 
TTCTCCACCT CCACCTTCTG ATTCTTCTCC ACCCGTTGAT TCAACCCCTT CTCCGCCGCC 
ACCGACGTCA AACGAATCTC CTTCTCCTCC AGAAGATTCC GAAACACCAC CTGCTCCACC 
AAATGAATCC j^TGACAACA ACCCTCCTCC GTCTCAAGAT CTTCAATCGC CTCCTCCATC 
GTCGCCGTCG CCGAATGTAG GACCCACAAA CCCGGAATCA CCACCGTTAC AATCTCCTCC 
AGCTCCACCA GCATCAGATC CTACAAATTC ACCXSCCAGCT TCACCATTAG ACCCTACCAA 
TCCTCCCCCA ATACAACCAT CAGGACCAGC CACTTCTCCT CCGGCTAATC CCAACGCTCC 
GCCGAGCCCA TTCCCCACAG TACCACCCAA AACTCCTTCT AGTGGACCTG TGGTGTCTCC 
ATCTCTCACA TCCCCTAGTA AAGGAACTCC TACTCCAAAC CAAGGCAATG GAGATGGOGG 
TGGCGGTGGT GGCGGCTATC AAGGGAAGAC TATGGTTGGT ATGGCTGTAG CCGGTTTCGC 
AATCATGGCG CTTATAGGCG TTGTGTTCTT AGTGAGAAGA AAGARAAAGA GAAACATTGA 
TAGCTATAAT CACTCACAGT ACTTGCCACA TCCCAATTTC TCTGTTAAAT CAGG TTTAAA 
AATCTCACCT TTATCTCTCT CTGATCATCT TCTATQTGCT TGAATCATCT CTCTGACTAT 
CTTTGCTTTT GATGTA GATG GATTCTTATA CGGTCAAGAT CCAGGTAAAO QATACTCCTC 
TGGTCCTAAT GGTTCAATGT ATAACAATTC ACAGCAACAA CAATCCTCTA TGGGAAACAG 
fj\ TTATGGTACA GCTGGTGGTG GTTATCC?TCA TCATCAAATG CAATCAAGTG GCACACCTGA 

f*j CTCTGCTATA CTCGGAAGTG GCCAGACTCA TTTCAGTTAC GAAGAGCTTG CTGAGATAAC 

1^ ACAAGGCrrr gctcgcaaaa acattcttgg agaaggcgga tttggatgtg tctataaagg 

TACATTGCAG GATGQTAAAG TTGTTGCGGT TAAGCAGCTT AAAGCTGGAA GTGGACAAGG 
TGACCQTGAA TTCAAAGCAG AGGTTGAGAT CATCAGCCGC GTOCATCATC GCCATTTGGT 
t.-J^Ct CjGGTT GQTTACTGCA TTTCAGACCA , GCATAGATTQ CtpTATCTATg AGTATGTTTC 
TAATCAAACC TTGGAGCATC ATTTGCATGG TOAGTGACTT GTTACCATTT TCGTTATAfiA 
TAAGACTTTT TTTTAGCTTT ACGTGTTAGA CTGACTCGCT TTACXSCTTTA GGAAAGGGTT 



m 
m 

S%r TGCCAGTTTT A GAGTGGTCT AAGAGAGTCC GGATCX5CTAT AGGATCAGCC AAAGGGTTGG 

f CATATCTTCA CGAAGACTG T AAGTAATGCC TTCACATTTT CTTAGTTGTG TGCTTTGGTT 

ATGCACrrCA TAGTTTAAAC AGAAGCCAAA AATCATATCC TTGTTTTATT TTACA GGTCA 

_^ 

W TCCGAAAATC ATTCACAGAG ATATAAAQTC AGCAAATATT CTTCTAGATG ATQAATATGA 

1=^ AGCTCAGGCA ATAATGAAAT CCTCCTTTTC GTTAAArrCTA TCTTATGACT GTAAAGTTTT 

Ui AGTTAATGAG ACTTGTTCTG Tr'm'TGGAT GTTTAGGTTG CTGATTTTGG ACTTGCTAGA 

\g CTCAATGATA CAACACAAAC TCATGTTTCA ACTCGGGTTA TGGGAACCTT CGQQ TAAGCA 

^ AACATTCATC ACAAACTCTA CTCCAAAACT GGACCTTATT GATCCAATGC CTGATGATiAA 

GTTTGTTATA TATGGCTTGA GGCAACAAAT TGGATCAAAC CTGAATCTTT ATTGATCGTA 
TGGCTGCATG ACATGriTTG TGTTAA GGTA CCTAGCGCCG GAATATGCAT CAAGTGGAAA 
ATTGACTGAT AGATCCGATG TATTCTCATT CGGGGTTGTT CTCTTAGAGC TTGTAACTGG 
ACGGAAACCA GTTGACCAGA CTCAGCCTCT AGGAGAAGAG AGTTTGGTTG AATGGG TAAG 
AATCCAACTT TCAAACATTC TTCAATAATA GTAASATTG6 CCXTAGTATA CTTATATAST 
ACTTATAAAT GAACTCACAG GCGCGCCCGC TGCTTCTCAA AGCCATTGAG ACCGGAGATT 
TAAGCGAACT GATTGATACA CGGCTTGAAA AGCGTTATGT QGAGCATGAA GTCTTCAGAA 
TGATCGAGAC AGCCGCTGCA TGTGTTAGAC ATTCTGGTCC AAAAOGCCCA CGCATGGTTC 
AGGTAATTCT GACTAACCAA AAGTCCAAAG CTCCCATATA TAGTAACAAG TGATTTCTCA 
CATCTGAAAA CTTATCTACT CTTCGAAATA A GGTTGTGAG AGCATTGGAC TGCGACGGAG 
ACTCGGGAGA TATTAGCAAC GGAATCAAAA TTGGGCAAAG CACAACTTAT GACTCAGGGC 
AATACAATGA AGACATTATG AAATTCAGGA AAATGQCX3TT TGQTGGTGAT AACAGCGTAG 
AGTCAGGATT GTACaGTGGA AACTACTCTG CCAAAAGCTC TTCAGATTTC TCAGGGAATG 
AATCTGAGAC TCGGCCTTTC AACAACCGAC GGTTCTGAT C AXACAATAGG TGAAASTAAC 




Figure 12 B. 
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Figure 13 A, 



GAAAATTTTG ATCTCCG ATG GCTTCTTCTC CTGAATCTGC TCCTCCAACA AACTCCACCT 
CTTCTCCATC TCCACCGTCT AATACCAATT CAACCACCTC TTCT CCGCCG GCTCCX3TCTC 
CTCCTTCTCC TACACCTCCT CAAGGAGACT CATCATCATC G CCACCTCCT GATTCCACAT 
CTCCACCAGC TCCACAAGCT CCTAACCCTC CTAATTCCTC TA ATAACTCT CCTTCCCCTC 
CGTCACAGGG CGGTGGAGGA GAAAGAGGAA ATGGAGGAAA CAATGGTGGC AATGATACTC 
CACCGTCACG CGGCTCTCCT CCTTCTCCTC CTTCTAGGAG TAATGGAGAT AATGGTGGTA 
GCAGATCATC GCCACC3^GGA GACACTGGAG GCTCTCGCTC AGAC7AC CCT CCTTCTAGCG 
GAGGAAGCAQ TGGAGGAGGT GGAGGTGGAA GAAGTAATAC GAATACA GCG ATCATAGTTG 
GTGTATTA6T CGGAGCTGGA CTTTTGATGA TCGTTCTTAT TATTGTG TGT CTTAGACGCA 
AAAAGAASA6 AAAAGACTCC TTCTACCCTG AACCCATGAA AGG TAAAAAC ATATACACAC 
TCTTATGTTT CAACAAATAA GAAGCTTAGA TTCTTTCATA AAATTTCAGG AAACCAATAT 
CAATACTATG GAAACAACAA CAACAACAAT GCTTCACAGA ATTATCC GAA TTGGCACCTA 
AATTCACAAG GCCAAAACCA ACAATCTACT GGTGGTTGGG GAGGCGG TGG ACCATCACCG 
CCTCCTCCTC CGCGGATGCC TACAAGCGGA GAAGATTCTT CCATGTACTC AGGCCCATCA 
CQCCCAGTTT TACCTCCTCC TTCGCCTGCT CTAGCCCTCG GATT CAACAA GAGCACTTTT 
ACTTACCAAG AGCTTGCGGC TGCAACAGGA GGQTTTACGG ATGCTAACCT TTTGGGACAG 
GGAGGATTTG GGTATGTCCA TAAAGGAGTC TTGCCTAGOG GGAA AGAAGT AGCAGTTAAG 
AGTTTAAAAG CGGGTAGCGG ACAAGGAGAG AGGGAGTTTC AAGCTGAGGT CGATATCATT 
AGCCGTGTGC ATCATCGGTA TCTTGTTTCT TTGGTTGGAT ATTGCATAGC TGAT GGACAG 
AGGATGTTGG TTTATGAGTT TGTTCCTAAC AAAACTTTGG AATATCATCT TCATG GTTAG 
ACCACTTAAA AACTTTGAGT ACTAAGTTTA TTTTCTCTAA TCTATATATT CAAGAAAGTT 
GTAACCTTAA TTTGTTGTTG TAG GGAAAAA TCTTCCG GTA ATGGAGTTCT CCACTAGGTT 
GCGTATCGCC TTAGGTGCTG OGAAAGGACT CGCTTACCTT CACGAAGACT GTAAGTTTTA 
ACATTCACCA TTCTCATTTT CTTAACCAAG TTGCATAAAA CAGAGAAA6C TCTGTCTCTG 
ACTAGTGTTA TCTTTTTGGC TGAGAAAATG GTGCAGGCCA TCCTCGGATC ATTCACCGCG 
ACATCAAGTC TGCAAATATT CTCTTGGACT TCAACTTTQA TGCTATGG TG ATAAACTAGT 
AGCTTGCATT CATCTACGGT TTTTTGTTAA GACTACATTG ATGACATTTT GCATTTGTTT 
S ATTCA GGTGG CTGAnTTGG ATTAflCTAAG TTAACATCTG ATAACAACA C TCATGTATCT 

H ACTQGTGTGA TGGGAACTTT CGGG TAAGCG TTTTACXIGTA TGATAA6ATT GTTCGTGACA 

Q CTCAAGAAAC ATAACCTTTG TAGACTAATC TACTTTGCTT CTTTCCACAA ACATGTGTAG 

M ATATCTAGCT CCAGAATATG CTTCAAGCGG TAAATTAACC GAGAAA TCCG ATGTTTTCTC 

hi TTACGGAQTT ATGTTATTGG AACTTATAAC TGGAAAACGA CCGGTT GATA ATAGCATCAC 

^ CATGGACGAC ACCTTAGTAG ATTGQG TATT CATGCATGTA ACATATGTAT CGTGTATATA 

^ TGTTTTTCGC CTTTTTCGCG TACTAATGAT CATGAATACA G GCTCGGC CT CTTATGGCTC 

GCGCGCTAGA AGATGGAAAC TTTAATGAGC TCGCAGATGC GAG GCTTGAA GGCAACTACA 
ACCCXSCAAGA AATGGCTCGA ATGGTGACTT GTGCCGCTGC T AGCATTCGT CATTCGGGGg 
GTAAACGTCC AAAGATGAGC CAGG TGAATC AAAATTATAA CTAAAAGTCT ATTTTTGTCA 
GAGAATAACA AACAAATGTT GTGGTTTTCA GATAGTAAGA GCGTTA GAAG GAGAAGTGTC 
CTTAGATGCT TTAAACGAAG GTGTGAAGCC AGGACACAGT AACGTTTACG GGTC ATTGGG 
AGCAAGCTCG GATTATAGTC AGACATCTTA CAATGCAGAC ATGAAG AAAT TCAGACAGAT 
AGCTTTGTCG AGCCAAGTAT TCCCAGTCAG TGACTGTGAA GGAACA TCTA GTAATGATTC 
TAGAGATATG GGAACTAAGA GCCCTACTCC TCCAAAATGA GATCGAATCA ATGATTCTGT 
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Figure 13 B. 
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Figure 14 A, 



TCCACCGTTT GAGAAACCCT AATAACAACA TTCMU A T QG CGGACTCACC GGTGGATTCA 
TCTCCTGCCC CTGAAACCTC AAATGGGACA CCACCGTCAA ACGGAACATC GCCGTCTAAT 
GAGTCATCGC CGCCAACACC ACCTTCTTCA CCRCCACCAT CATCAATATC TGCTCCTCCG 
CCAGATATCT CCGCTTCTTr TTCACCGCCG CCTGCACCAC CAACGCAAGA AACGTCACCT 
CCTACATCTC CGTCCTCATC GCCGCCTGTT GTAGCTAATC CGTCACCGCA GACTCCAGAG 
AATCCTTCTC CACCTGCACC TGAAGGCTCA ACTCCTGTAA CGCC!ACCTGC ACCACCACAA 
ACACCGTgGA ACCAATCACC GGAAAGACCA ACTCCTCCTT CTCCTGGTGC CAATGATGAC 
CGAAACAGAA CCAATGGCX3G AAACAACAAC AGAGACGQCT CCACACCATC ACCACCGTCG 
TCAGGGAACA GAACTTCCGG TGACGGTGGC TCACCTTCAC CACCTCGQTC GATAAGCCCT 
CCTCAGAATA GTGGAGATTC AGACTCATCA TCGGG TAATC ATCCACAAGC CAACATTGGA 
TTGATTATTG GAGTCCTTGT AGGAGCA QGG CTTTTGCTTC TACTTGCAGT QTGTATTTGC 
ATCTGTTGCA ACAGSAAGAA GAAGAAGAAA TCTCCTCAGG TCA ACCACAT GCACTACTAC 
AATAACAATC CTTATGGAGG AGCACCCTCA GG TAATTACA GTTTAGTATA ACTGGAATTT 
AATTTGTAGC CTAATGGTGT TTGATTAGGT TTCAGAACGA TCATAGTCTA ATGGTTTCTG 
CTAGCTCCAT ATGGCAAAAG GATTAGATTT ATAAGCTAAA GGAGATGTTG CATA6TGTAG 
GTAATGGTGG TTATTACAAG GGAACACCTC AAGATCATGT GGTGAATATG GCTGGTCAAG 
GAGGTGGGAA TTGGGGTCCA CAGCAACCTG TGTCTGGTCC TCACAGTGAT GCTTCCAACT 
TAACCGGTCG AACTGCTATA CCGTCACCTC AAGCTGCAAC TCTTGGTCAC AACCAAAGCA 
ps^ CTTTCACATA CGATGAACTG TCCATTGCAA CAGAAGGTTT CGCTCAGTCA AATTTGCTAG 

p=% GACAAGGAGG ATTTGGGTAT GTTCATAAAS GAGTTCTGCC TAGTGGCAAA GAAGTTGCAG 

^ TGAAGAGTCT TAAACTTGGA AGTGGACAAG GGGAACXX:GA GTTTCAAGCA GAGGTTGATA 

! TCATTAGCCG TGTCCATCAT CGTCATCTCG TTTCrcri'GT TGGATATTGC atctctggtg 

gtcaaagact tttggtttat gagtttatac ctaacaacac tcttgaattt catcttcatg 
gtacattcat ctaacagaat gttttcttgt attaacaaaa cctttaagta tggtttctct 

^ TTAATCAGGA ACATGATTGA AATTTCA GGA AAGGGTCX3TC CGGTTTTGGA TTGGCCTACA 

fU AGAGTGAAGA TTGCATTGGG ATCAGCTAGA GGCCTTQCAT ATTTGCATGA AGACTGTAAG 

IV AAAATCTTTA TCTCACATAT TTGCATCAG T TTCTATCTCG CTCTCTACAA TATTTGAAAG 

s ATTGTATATG TTACATCAAT TATAfl GTCAC CCTCGCATTA TCCACAGAGA TATCaUlAGCT 

GCAAACATTC TTCTTGATTT CAGTTTTGAG ACCAAflG TAT 67GTOTATAT ATCX3ACTCTT 
p GTACTACTTT TACTTTCATT GTCTCTCATT TTTGTTTCCA ATCTGTGTCG ATGTGTGTAT 

CAGTCTTATT GTGTAAATAT ATGCA GGTGG CAGATTTTGG ATTGGCTAAG CTATCTCAAG 
Lll ACAACTATAC TCATGTCTCC ACTCGCGTCA TGGGAACTTT TGGG TAAGCA GCTTTGTAAA 

^ ATGTCTCAAC TCATCCACAC TTATTTAGTT TCTTTCACTT GTTTTTAAGA TTTTCTTGOA 

TTCA GATACT TAGCTCCAGA GTATGCATCA AGCGGAAAGT TATCCGACAA ATCTGATGTT 
TTCTCATTTG GAGTAATGCT TCTTGAGCTC ATAACCGGAA GACCTCCTCT GGATCTAACT 
GGAGAAATGG AAGATAGCTT GGTAGATTQG 6TAAQTCGGT CCCC6CCTCT TCGGTTTACT 
TGTTTAATCC CAAAACACTT TCCAAAGCAA AAACAGAAAC AAATCTTACT ATTGTTGTTG 
CAG GCAAGGC CTTTGTGTTT GAAAGCAGCT CAAGATGGAG ATTACAACCA ATTGGCTGAT 
CCACGTCTAG AGCTAAACTA CAGTCATCAA GAGATGGTTC AAATGGCTTC TTGTGCAGCT 
GCAGCAATCA GACATTCAGC AAGAAGACGG CCTAAGATGA GCCAGGTTCA AAAACTCATA 
CCACTTGTTG GTTCTATTG T TATATTTTTA CTCACAATTA ATCTTGATGA TAAATGTGAC 
ATACTAATGA ATCTTGAAAC AT6TGTATGG TA7AT6AAAA GATTG'J'ACQA GC3\.CTAGAAG 
GAGATATGTC AATGGATGAT CTAAGTGAGG GAACAAGACC AGGACAAAGC ACGTACTTGA 
GCCCCGGGAG CGTGAGCTCA GAGTATGACG CAAGCTCGTA CACGGCAGAC ATGAAAAAGT 
TCAAGAAACT GGCGTTAGAG AATAAAGAAT ATCAAAGCAG TGAATATGGT GGAACAAGTG 
AGTATGGCTT AAACCCTTCT GCTTCAAGTA GTGAAGAAAT GAATAGAGGC TCAATGAAAC 
GCAATCCTCA GCTTTGAA AG AASAGACAAC ACTTGTGATA ATATTTCAGT TTTCTTCTCT 
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Figure 14 B. 
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Figure 15 A. 
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CATACATCAC AAAACGGCAT CGTTTTG^G TCGCTCTCTC CTTCTTCCTC G CCGGCTCCG 
GCAACTTCCC CGCCTGCCAT GTCATTACCT CCGGCAGATT CCGTACCT GA CACGTCATCA 
CCTCCAGCTC CTCCTTTGTC TCCTCTTCCC CCACCATTGA GCTCTCC TCC GCCGTTGCCT 
TCACCACCGC CTCTCTCCGC TCCCACCGCT TCCCCACC GC CTCTTCCGGT TGRATCCCCA 
CgGTCTCCTC CTATAGAATC ACCACCGCCT CCTC TACTGG AATCACCTCC TCCTCCTCCG 
TTGGAATCTC CATCTCCACX: GTCTCCTCAC GTCTCRGCTC CTTCCGGTTC ACCGCCATTA 
CCCTTCCTTC COGCCAAACC TTCTCCGCCQ CCTTCTTCAC CTCCCTCXX3A GACAGTTCCG 
CCGGGAAATA CGATTTCTCC ACCACCTCGT TCACTTCCCT CCGAATCAAC CCCGCCGGTG 
AftCACAGCTT CTCCTCCACC GCCATCTCCT CCTCGCCGCC GTAGTGGCCC TAAGCCTTCG 
TTTCCTCCTC CCATCAATTC TTCTCCACCA AATCCTTCTC CXSAACACTCC GTCACTCCCA 
GAAACTTCTC CTCCACCTAA ACCACCGCT C TCAACGACGC CATTTCCCIC CTCATCCACT 
CCCCCGCCTA AGAAGTCCCC TGCAGCAGTA ACTCTTCCTT TCTT TGGGCC AGCGGGCCAA 
TTACCGGATG GGACCGTAGC ACCTCCTATT GGGCCTGTTA TA GAGCCCAA GACGAQTCCA 
GCCGAATCAA TATCTCCGGG AACGCCACAG CCACTGGTTC CGAAGAGTCT ACCTGTAACG 
ACGTCGTATC ACCGATCATC CGCCGGATTC TTATTTGGCG G TGTAATCGT TGGAGCTCTT 
CTACTAATTC TGTTAGGTCT TCTCTTTGTC TTCTACAGAG CTACCAGAAA T AGAAATAAC 
AACAGCAGCT CTGCTCATCA TCAATCCAAA ACTCCCTCAA AAGG TATAAA CTTTGAGATC 
AATTTGTTTC AGACTOTCAC TTAAAATGTA ATGTAATTGT A7«3TTATGAT CTTTTTTGCT 
Tr:fl2iTr &rrrT rAACATCATC GQGGCGGTAA TGOTGGTACG AACCAGGCAC ATGTTATCAC 
^ AATQCCACCA CCAATCCATG CTAAATATAT ATCT AGTOQA GGTTGTGATA CGAAGGAGAA 

caattctgtt gcgaaaaaca tttcaatgcc atctggaatg ttctcctacg aagaactttc 

AAAAGCAACT GGTGGATTTT CAGAGGAGAA CCTTTTGGGA GAAGGCX5GTT TCGGATATGT 
TCACARAGGA GTGTTGAAAA ACGGGACAGA AGTTGCX3GTG AAGCAGCTGA AGAT TGGGAG 
CTATCAAGGG GAAAGAGAAT TCCAAGCTGA GGTTGACACA ATCAGTAGGG TTCATCATAA 
GCACCTCGTT TCATTGGTTG GTTATTGCGT TAATGGAGAT AAAAGA CTCT TGGTTTACGA 
Rj GTTTGTTCCT AAAGATACCT TGGAGTTCCA CTTGCATGG T AAAATAGATA TATGATTTCA 

fU TCCTTTTTGA TTTTGTCTTT AGTTCATTAT GXTQAGTATT GTGAGAATAT GT6TTGTAGA 

g GAACAGAGGA AGCGTGTTGG AATGGGAAAT GAGGCTCAGG ATTGCTGTA G GAGCAGCAAA 

1^ AGGATTAGCT TATCTTCATG AGGATTG TGA GTTGTTTCTC TTCATAATGO GAATGAGAAT 

Q GGCCTTTTTT GGGTTTTCGA CACTGATATT GATTTCTGGT GCTTGTAATG CAGGCAGTCC 

1^ AACTATAATT CACCGTGATA TCAAAGCAGC TAATATCCTT CTAGATTCCA AATTTGAGGC 

Ui AAAGGTGATC TGCTCTTTAA TCTTATCAAA GTTTGGTTTT TAGAACAGAG TTTGCCCATT 

^0 TTCGGTTTAT AGTCACACCA TTTTGTTCTA TTTAACAAGA TTACATGTAG CTTAGAGTTC 

TTGTTCTCTT rAn nTrTCTG ACTTTGGAC T AGCCAAGTTT TTCTCAGACA. CCAATTCATC 
ATTCACTCAT ATCTCTACTC GAGTGGTAGG AACTTTCGGG TAAAAGACCA TCCATCCATG 
CTTTATATGT TGTGTCATTG TGTTTAAAAA TATTAATTTA CGGTTTCAAG TTTCAAGTTT 
CAAGTTTCAA GTTTCTTCCT TGTTGTATCG TAAATCCAGA TCAAAAGATT TATTGATTAC 
TAAATGCCTT GTGCACCGTC TATTTGGTAT GCATTTAAAC A GATACATG G CTCCAGAATA 
CGCGTCCAGT GGTAAAGTAA CTGATAAATC AGATGTATAT TCC TTTGGGG TCGTGCTTCT 
AGAACTCATC ACTGGAC6TC CATCAATTTT CGOCAAAGAT TCTTCCACA A ACCAGAGTTT 
AGTAGACTGG GTAAGTCAAA GTACATGATG ATGATGATGA TACCATTAGG TTTTCTTTTT 
CCCACTAGTT ATTAfiATGAA AATGAAACTC CAfiTATAACT GCAAGCTTGA AACTTCATTA 
GACTGTATIAT TTTGATTATT CCTCAG GCGA GGCCATTGCT TACGAAAGCA A TCTCTGGAG 
AAAGTTTTGA CTTTCTTGTA GACTCAAGGT TGGAGAAGAA TTACGATAC A ACTCAGATGG 
CAAACATGGC TCCTTGTGCT GCTGCTTGCA TACGCCAATC AGCTTG GCTT CGGCCTAGAA 
TGAGCCA6G T CTGAGATTTA GTTTAAATAC ATGTATTCGT CCATATATCC GAAAGGAACA 
AGCCTAATCC ATGAATACAT TTATATCTT6 AAAAAAACTT GAATASGTAG TACGTGCTCT 
TGAAGGCGAG GTGGCCCTGA GAAAGGTCGA AGAGACT GGG AATAGgGTGA CCTATAGCTC 
TTCTGAAAAC CCGAATGACA TCACACCACG GTATGGAACA AATAAG AGGA GATTCGACAC 
AGGTTCAAGC GATGGTTACA CTTCAGAATA TGGAGTTAAC CCTTCT CAGT CGAGCAGTGA 
ACATCAACAG GTGAATACTT AGTTCACAGG TTCAATAGGG CAAGTTTCAC CACAATTATT 
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Figure 15 B. 
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